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RESUMEN
El objetivo de la presente tesis es mejorar las prestaciones de sub-
sistemas (emisores y detectores) y sistemas (sistema de enfoque) en el
rango de Terahercios (THz) y sub-THz desde el punto de vista de an-
tena. En esta tesis, se ha demostrado que actuando u´nicamente sobre
la antena se pueden obtener dispositivos con un mejor rendimiento (po-
tencia emitida incrementada en emisores y responsividad mejorada en
detectores).
La presente tesis se ha centrado en el ana´lisis y disen˜o de antenas pla-
nas, y para ello se ha estudiado su comportamiento a frecuencias de THz
y sub-THz. Obteniendo los diagramas de radiacio´n de antenas planas so-
bre sustrato semi-infinito se ha observado una anomal´ıa en el diagrama
de radiacio´n que no tiene significado f´ısico, pero que aparece en todas
las publicaciones que tratan este tema. El origen de esta anomal´ıa se
explica en el presente trabajo. Asimismo se ha disen˜ado un programa
capaz de obtener de una manera ra´pida y precisa el diagrama de radia-
cio´n de antenas planas que tienen como substrato una lente diele´ctrica
hiperhemiesfe´rica.
Con respecto a sub-sistemas de THz y sub-THz se ha disen˜ado un
emisor para generar sen˜ales de onda continua basado en “photomixers”
a 1.05 THz de tal manera que la potencia transferida de e´ste a la antena
sea maximizada. La mayor aportacio´n es que se ha simplificado el disen˜o
del mismo de tal manera que no hacen falta elementos externos (filtros,
etc.). Este emisor esta´ previsto que sirva como oscilador local para un
receptor heterodino en aplicaciones de radioastronomı´a. Con respecto a
emisores de THz tambie´n se ha obtenido un circuito equivalente para
obtener el diagrama de radiacio´n basado en dipolos Hertzianos de los
conocidos como “Large Area Emitters”, que son dispositivos basados
tambie´n en “photomixers” pero que no necesitan ningu´n tipo de antena
para radiar potencia de THz.
Otras contribuciones importantes en esta tesis han sido el disen˜o de
un receptor completo Quasi-O´ptico basado en diodo Schottky trabajando
en la banda E (60 GHz - 90 GHz) donde se ha maximizado la potencia
entregada al diodo desde la antena. Este receptor esta´ pensado para
formar parte de un sistema de comunicaciones inala´mbrico de muy alta
velocidad. Dentro del apartado de receptores se ha disen˜ado tambie´n un
receptor basado en Transistores de Efecto de Campo (FETs) y tecnolog´ıa
CMOS trabajando a 300 GHz.
Finalmente, se ha actuado sobre un sistema completo de enfoque para
un radar a 300 GHz para aplicaciones de seguridad. La mayor contribu-
cio´n en este aspecto es que el sistema de enfoque, basado en dos espejos
el´ıpticos y uno plano, se ha disen˜ado de tal manera que el haz es capaz
de escanear en un amplio rango sin apenas distorsio´n. Para ello se ha
forzado que la distancia de escaneo se encuentre siempre en el foco del
espejo de salida.
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ABSTRACT
The main objective of this Ph.D. dissertation is to improve the capa-
bilities of devices (emitters and detectors) and wireless systems (focusing
system) at Terahertz (THz) and sub-THz frequencies from the antenna
point of view. It has been proved that only acting over the antenna
side, devices with better capabilities can be obtained (increased emitted
power in emitters and improved responsivity in detectors).
This thesis is focused on the analysis and design of planar antennas,
so their behaviour at THz and sub-THz frequencies has been studied.
While obtaining the radiation pattern of planar antennas lying on semi-
infinite substrate, an anomaly which appears in the radiation pattern
has been observed. This anomaly does not have a physical meaning
but appears in all the published papers. The origin of such anomaly is
explained in this thesis. In addition, a program capable to obtain in an
accurate way the radiation pattern of planar antennas lying on dielectric
hyperhemispherical lenses has been designed.
Regarding THz and sub-THz sub-systems a continuous-wave pho-
tomixer based power emitter working at 1.05 THz has been designed in
such a way that maximum power is transferred from the active device
to the antenna. The main contribution is that the design has been sim-
plified in such a way that no external elements (filters, etc.) are needed.
This emitter is intended to be the local oscillator of a heterodyne detec-
tor for radioastronomy applications. In addition, an equivalent circuit
based on Hertzian dipoles to obtain the radiation pattern of the so-called
“Large Area Emitters” has been derived. Such devices are photomixer
based emitters with the main characteristic of not needing an antenna
to emit terahertz power.
Other important contributions to this Ph.D. dissertation are the com-
plete design of Quasi-Optical Schottky Barrier Diode receiver working
within the E-Band (60 GHz - 90 GHz) where the power transferred from
the antenna to the diode is maximized. This receiver will be part of a
complete very high speed wireless communications system. Also in the
detectors section, a CMOS Field Effect Transistor based receiver working
at 300 GHz has been designed.
Finally, a work over a focusing system for a 300 GHz radar for security
purposes has been done. The main contribution regarding this aspect is
that the focusing system, based on two elliptical mirror and a plane one,
has been designed in such a way that the beam is capable to scan over
a very large area without distortion. To do so it has been imposed that
the target distance is always placed at the focus of the output mirror.
xxii
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PREFACE
Terahertz (THz) and sub-THz waves are finding a lot of applications
in the last years and the Radiofrequency, Electromagnetism, Microwaves
and Antennas Group (GREMA) of the Carlos III University in Madrid
(UC3M) is involved in different research projects regarding these THz
waves.
“New Electronic and Optical Techniques for the development of
Imaging Arrays (Cameras) in Millimetre Waves and Terahertz
(THz),” Ministerio de Ciencia e Innovacion.
“Integrated Photonic Transceivers At Sub-Terahertz Wave Range
for Ultra-Wideband Wireless Communications (iPHOS),” Euro-
pean Commission, 7th Frame Program.
“Terahertz Technology for Electromagnetic Sensing Applications-
TERASENSE,” Ministerio de Ciencia e Innovacion.
“Development of an Integrated high Data Rate THz Wireless Com-
munication system,” Ministerio de Ciencia e Innovacion.
The first project is focused on the design of electronic and optical
devices to develop imaging arrays at THz frequencies. The second one
is an European project involving different European research groups
to develop integrated photonic transceivers for ultra-wideband wireless
communications at sub-terahertz frequencies. The last one is a Spanish
project involving different Spanish research groups whose last aim is to
design THz devices and to study THz waves to manufacture THz sensing
systems.
Thanks to the participation on these projects the group has obtained
interesting results and the first Ph.D. dissertation was recently presented:
B. Andre´s-Garc´ıa, “Enhancing the Radiated Power in the Ter-
ahertz Band,” Ph.D. dissertation, Carlos III University, March,
2014.
In that thesis the developed work was focused on obtaining innovative
techniques to enhance the radiated power at THz frequencies.
It is also important to mention the work developed by the Optoelec-
tronic and Laser Technology Group (GOTL) of the UC3M working in
close collaboration with GREMA during the last years. The following
Ph.D. dissertation was also recently presented regarding photonic THz
technology:
A´. R. Criado Serrano, “New Photonic Architectures and Devices
for Generation and Detection of Sub-THz and THz Waves,” Ph.D.
dissertation, Carlos III University, April, 2013.
The differences between the actual thesis in comparison with the
previous ones is that its main objective is to improve the capabilities of
devices and wireless systems at THz and sub-THz frequencies only acting
over the antenna side. THz emitters and sub-THz detectors are improved
by designing the antenna to enhance device capabilities. In addition, a
full focusing system is designed with improved scanning capabilities.
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After a brief introduction to THz waves and antennas in the first
chapter of this thesis, the Chapter 2 is devoted to the radiation of pla-
nar antennas. Planar antennas are the most widely used kind of antennas
nowadays because its easiness of manufacture and relatively low cost in
comparison with other antenna topologies. New manufacture technolo-
gies such as Complementary Metal Oxide Semiconductor (CMOS), Low-
Temperature Co-firing Ceramic (LTCC) or laser/mechanical drilling ma-
chines have contributed to the expansion of planar antennas. These an-
tennas basically consist on a metal part which is printed over or inside
a dielectric substrate. At lower frequencies, i.e. microwaves, the effect
of such substrate is negligible because their thickness is not compara-
ble with the working wavelength. But problems arise when we move to
higher frequencies (millimetre or sub-millimetre band) because the effect
of the substrate cannot be neglected any more. In order to analyse such
effect, the radiation pattern of planar antennas on dielectric substrates
at THz frequencies is analysed in the Chapter 2 of this Ph.D. disserta-
tion. Different cases are studied: planar antennas lying on semi-infinite
thickness substrate, planar antennas lying on finite thickness substrate
and planar antennas lying in the middle of a finite thickness substrate. It
will be shown that an anomaly appears at the critical angle when dealing
with semi-infinite substrates and the reason of it will be explained. In
addition, it will be noticed that radiation pattern is dramatically affected
by the substrate and the use of dielectric lenses is highly recommended.
Obtaining the radiation pattern of a planar antenna lying on a dielectric
lens needs a very high number of computation resources and is time con-
suming. Also in this second chapter of the thesis a software to analyse
such problems is developed. This chapter of the thesis has led to the
publication of a JCR journal paper (first quartile) and a book chapter
as well as a conference contribution.
In the third chapter of this Ph.D. dissertation Continuous-Wave (CW)
THz emitters based on photomixers are presented and two are the main
contributions to the state-of-the-art of such technology. The first one
is an antenna design based on a meander dipole antenna which is de-
signed in such a way that the THz power delivered from the photomixer
to the antenna and then radiated is maximized. To do so, the antenna
is forced to work out of its main resonance where it exhibits the opti-
mal input impedance for the photomixer. This THz emitter is intended
to be the local oscillator source of one of the heterodyne detectors in
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the Stratospheric Observatory for Infrared Astronomy (SOFIA). The
second contribution is to obtain a radiation equivalent circuit for the so-
called Large Area Emitters (LAEs), which are an antenna free approach
based on photomixers capable of, theoretically, provide high THz out-
put power (only limited by the LAE area). Both works have been done
in collaboration with the Max Planck Institute for Radioastronomy in
Bonn, Germany (meander dipole antenna) and University of Erlangen-
Nuremberg, Germany (LAEs). The main contributions related with the
third chapter have been published or presented in 2 JCR journal papers
(first quartile), 1 book chapter and 4 conferences.
The Chapter 4 is devoted to sub-THz detectors and the work devel-
oped consists on designing two direct detectors: a Quasi-Optical (QO)
Schottky Barrier Diode (SBD) detector working within the E-Band
(60 GHz - 90 GHz) and a plasma-wave Field Effect Transistor (FET)
CMOS detector working at 300 GHz. A complete QO SBD receiver de-
sign and characterization is carried out in this chapter. The receiver is
meant to take part of a very-high speed data wireless transmission system
(> 1 Gb/s) and is included in the iPHOS project previously presented.
Regarding the FET direct detector, the very first steps for a 300 GHz
receiver are presented. Its main application is an array for imaging ap-
plications (security). Both designs are formed from a planar antenna
and a detector (either SBD or FET), with the possibility of including an
optical device (lens). Their performance is improved by designing the
antenna of each receiver in such a way that the total efficiency is maxi-
mized. The QO SBD detector work has been done in close collaboration
with the Technical University of Darmstadt, Germany, where the author
was on a three month stage in the summer of 2011, and ACST GmbH,
also in Darmstadt. The work related with the CMOS FET detector has
been carried out with the collaboration of Rutherford Appleton Labora-
tory in the UK. The main contributions related with the fourth chapter
have been published or presented in 2 journal papers and 6 conferences.
In the fifth chapter a focusing system is designed for a 300 GHz radar
for security purposes. While the previous chapters were focused on pla-
nar antennas, in this case a horn antenna and elliptical mirrors are used,
thus leading to a more complex structure. On the other hand it can
handle more power and provide better focusing capabilities. The main
contribution of the chapter is to design the focusing system in such a
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way that it can provide scanning capabilities but, at the same time, the
beam is not distorted because it always works “in-focus”. The focusing
system consists of a horn antenna as feeding element, two elliptical mir-
rors and a plane one to provide beam-steering by rotation. Since the
only mirror that is rotated to provide scanning capabilities is the plane
one, the target distance is always at the output focus of the second el-
liptical mirror, so the beam is not distorted even for big displacements.
In addition to the proposed system, the design methodology followed
through the chapter is also relevant because it reduces computational
time and effort, and obtained results are accurate enough. This work
was included in the TERASENSE project presented before, and was the
first attempt to design a focusing system for such project that always
work in-focus. This chapter of the thesis has led to the publication of a
journal paper and 2 conference contributions.
Finally, the main conclusions and future working lines are presented
in the Chapter 6. The list of contributions resulting from the develop-
ment of this thesis is shown in the Publications section at the end of this
document.
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CHAPTER 1
ANTENNAS IN THE THZ AND SUB-THZ
REGIME
This chapter serves as a starting point of this Ph.D. dissertation
where the reader can identify all the potentials this THz technology has.
First, THz radiation is presented and some of the characteristics of THz
waves are highlighted. In addition, a short historical background regard-
ing THz waves research and its main achievements is included. Then,
some of the most important applications of THz waves are commented.
Once the THz waves importance is highlighted, we will focus our
attention to antennas, which is the main subject of the present Ph.D.
dissertation. A short introduction to the antenna parameters is included
in order to facilitate the understanding of some of the work that has
been done. Finally, the main antenna topologies that are used in the
THz regime are briefly explained. The design parameters of these an-
tennas are commented and strengths and weaknesses of each type are
highlighted.
The objective of this chapter is to introduce all the nomenclature and
instruments that are used in this Ph.D. dissertation.
CHAPTER1. ANTENNASATTHZ
1.1 Introduction
Terahertzfrequencybandorelectromagneticsignalsatterahertzfre-
quencies(0.3THz-3THz)arereceivinggreatattentionintheelectro-
magnetismcommunitynowadays. THzfrequencyspectrumcanbede-
finedastheelectromagneticspectrumrangewithwavelengthsbetween
1mmand100µm(Figure1.1).Itisthefrequencyrangeinbetweenthe
microwavebandandtheInfrared(IR)one,sothetechnologiesofthese
twobandscanbeextrapolatedtothisfrequencyrangeaswilbeshown
inChapters3and4.Itisalsocaledthesub-milimetrewavelength
band.
Atthesefrequencies,extremelyshortpulsescanbegenerated,which
arecapableofobtaininghighspatialresolutions,goacrosslightopaque
materialsandvisualizeandidentifymicroscopicstructuresbyspectral
analysis. Moreover,thereexistsagreatinterestindifferentapplications
ofthistechnologysuchasdefenceandsecurity,automobiles,biologyand
medicine[1].
InthenextsubsectionsthemaincharacteristicsofTHzwavesare
brieflyexplainedandmainapplicationsarehighlighted.Inaddition,a
historicalbackgroundisincludedtomentionthemostimportantdiscov-
erieswithinthisfrequencyrange.
Figure1.1:THzspectrum.Electromagneticspectrumasafunctionof
thewavelengthwithschematicofsomeapplications.
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1.1.1 THz Waves Characteristics
Frequently used units and their conversions at 1 THz are as follows:
Frequency: ν = 1 THz = 1000 GHz
Angular frequency: ω = 2piν = 6.28 THz
Period: τ = 1/ν = 1 ps
Wavelength: λ = c/ν = 0.3 mm = 300µm
Wavenumber: k¯ = k/2pi = 1/λ = 33.3 cm−1
Photon energy: hν = ~ω = 4.41 meV
Temperature: T = hν/kB = 48 K
where c is the speed of light in vacuum, h is the Planck constant, and
kB is Boltzmann’s constant.
The wave radiation at THz frequencies has the following character-
istics [2]:
Penetration THz waves can go across common materials such as clothes
and envelopes with a relatively low attenuation.
High Resolution Images THz wavelengths are small in comparison
with microwave ones, so THz waves can be used to provide images with
a sub-millimetre resolution.
Spectroscopy Most of the solid materials show characteristic spectral
features in the 0.5 THz - 3 THz range. This allows that different chemical
substances can be detected, even when they are sealed in a package or
behind clothes.
Non-Ionizing THz radiation is non-ionizing and it can be used with
very low power levels (µW) thanks to the availability of very high sen-
sibility coherent detection schemes. This THz radiation characteristic
makes it very suitable for medical and biological applications.
Intensity THz signals are much easier to focus and collimate than mi-
crowaves.
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DespitealtheserealyinterestingcharacteristicsofTHzwaves,there
existsomedrawbacksthathavetobe mentioned. Forinstance,at-
mosphericattenuationatthesefrequenciesisrealyhighanditisa
criticalpointtodevelopsensorsatTHzfrequenciesintheEarth.In
theFigure1.2theatmosphericattenuationasafunctionoffrequency
isdepicted.Itcanbeseenthattherearecertainfrequencieswithinthe
THzrangeatwhichtheattenuationisveryhighandshouldbeavoided
iftheTHzsystemisintendedtobeusedintheEarth.
Inaddition,thereexiststheso-caled“THzGap”(whichwil be
expandedintheChapter3).AlthoughTHzfrequencybandliesinthe
gapbetweenmicrowavebandandinfraredband,thesourcesavailablein
thesetwobandscannotbeuseddirectlyforTHzrange[4].Itisdifficult
tofabricatesolidstatesourcesintheTHzrangebecausethesizebecomes
verysmalleadingtoverysmalpoweravailable. Alsotheefficiencyof
thesesourcesdrasticalyfalsforhigherTHzrangeandthecarriertransit
timebecomesveryshortcomparedtomicrowavefrequencysignals.On
theotherside,conventionallasersourcesarenotavailableatTHzband
becausesuitablesemiconductorsarenotavailable.
Figure1.2:Atmosphericattenuationatpressuresequivalenttosealevel
for6differentconditionsofhumidity,temperatureandatmospheric
particles[3].
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1.1.2 THz Historical Background
THz research started in the late 19th century and the beginning of the
20th. With no doubt, the main researcher on the topic during those years
was German scientist Heinrich Rubens (1865 - 1922). Rubens’ research
concentrated on the extension of the IR spectral region to longer wave-
lengths into what soon became called the Far-Infrared (FIR). From 1892
to 1922, just 150 papers were published which included FIR research,
and Rubens was author or co-author of more than 130 of them [5].
Figure 1.3: Heinrich Rubens.
During the early years of the 20th
century, Hagen and Rubens showed
that the reflectivity of metals depended
on their electrical conductivity [6]. In
1910, R. W. Wood produced the first
“blazed” diffraction grating, which al-
lowed the concentration of the major-
ity of light from a source into a sin-
gle order and showed that gratings of
this type could be used out to beyond
100 µm (3 THz) [7]. In 1911, Rubens
and Baeyer showed that the mercury
arc lamp (described in the Chapter 3 of
the present work) in a quartz envelope was an excellent long-wavelength
IR source [8]. Just before his death, Rubens was able to use all his
spectroscopic skills to measure the absorption of water vapour out to
400 µm [9].
A year after H. Rubens’ death, E. F. Nichols and J. D. Tear succeeded
in joining the electric wave spectrum to the IR using a Hertzian oscillator
for shorter wavelengths (220µm) and a mercury arc source for longer
ones (420 µm) [10]. In the 1930 - 1940 decade, several researches focus
their attention on studying the absorption of gases in the 20µm - 200µm
wavelength region [11–13] while during the World War II, perhaps, the
most important improvement in the THz region was to extend the range
of prism spectroscopy with new materials (up to 60µm wavelength).
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Figure 1.4: Ernest Fox
Nichols.
After the war, one of the most signifi-
cant advances was the introduction of the
pneumatic detector (“Golay” [14]). Also in
the 1940s, the first cooled bolometer was in-
vented. This used the superconducting tran-
sition point of tantalum at 4.4 K, thus re-
quiring the use of liquid helium [15]. In
1954, microwave spectroscopy was extended
into the sub-mm region by Gordy’s research
group [16], thus providing a clear overlap
with the longest wavelength IR spectroscopic
systems. Walter Gordy was one of the most
important researches in what he described as the “gap in the electro-
magnetic spectrum”.
Figure 1.5: Marcel
J.E. Golay.
In 1959 the first convenient-to-use cooled de-
vice, the carbon bolometer, was invented [17]
and the same year saw the first photocon-
ductive detector to reach wavelengths longer
than 100µm [18]. Although no fundamental
electronic source was produced for frequencies
above 300 GHz in the 1950s, the first Backward
Wave Oscillator (BWO) was designed [19]. Ex-
tension to higher frequencies followed in the
1960s and BWO are now available to above
1 THz, with a tuning range of 10 % of the centre
frequency.
Figure 1.6: Walter Gordy.
The 1960 decade was a very prolific time
for sub-mm wave research. The main fea-
ture of this period is that it produced much
of the instrumentation that is widely used
today. Pyroelectric detectors date from
this era as well as other detectors such as
the n-InSb electron bolometer [20], the Ge
bolometer [21], and a tunable FIR detec-
tor [22]. Another important step not only
in the THz research but in the microwave
was the invention of the so-called “honey-
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comb” diode chip design for Schottky diode mixers by D. T. Young and
J. C. Irvin [23]. But with no doubt, the major discovery at the start of
this decade was the laser. The first THz laser, the water vapour laser,
was invented in 1964 [24]. This decade was also the birth of Dispersive
Fourier-Transform Spectroscopy (DFTS), which has proved to be a pow-
erful technique for studying the optical constants of solids, liquids, and
gases in the IR and THz regions [25]. At the end of the decade the Time
Domain Spectroscopy (TDS) was born [26].
Figure 1.7: Kuiper
Airborne Observatory
(KAO).
The year 1970 saw the arrival of one of
the most useful laser sources, the optically
excited THz gas laser [27]. This laser can
produce hundreds of CW and many thou-
sands of pulsed wavelengths throughout the
THz region. The 1970s were the pioneer-
ing years for astronomy at THz frequencies,
mainly because of significant progress in re-
ceivers and because high altitude observa-
tories became available. Most notably, the
Kuiper Airbone Observatory (KAO) started
its operation in 1974. Another Helium
cooled detector that dates from this era, and
was to become very important, particularly for THz heterodyne systems,
is the Superconductor-Insulator-Superconductor (SIS) mixer [28].
The improvements in THz technology over the previous thirty years
had led to a widespread recognition of the usefulness of this spectral
region in many disciplines. But it was realized that heterodyne systems
were required for these and other applications to achieve the necessary re-
solving power. The 1980s saw the first IR/THz space-borne observatory.
The Infrared Astronomical Satellite (IRAS), launched in 1983, was the
first observatory to perform an all-sky survey at IR wavelengths, includ-
ing two THz bands around 60µm and 100µm. This was the first of a very
successful series of space-borne IR/THz observatories. A fundamental
source covering the frequency range from 1 THz to above 4 THz, invented
in Russia and Japan in this decade, was the p-type Ge laser [29,30]. Op-
erating at or near liquid helium temperature, this laser is a useful tunable
pulsed source that can also be operated in near CW mode. Just before
the close of this decade the first results of a new detector that was to
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become widely used as a THz mixer were published by G. N. Goltsman
and co-workers: the Hot Electron Bolometer (HEB) [31].
Figure 1.8: Infrared
Astronomical Satellite
(IRAS).
In the 1990’s, the development of the op-
tical communications and the higher band-
width photomixers (photodiodes) produce
a huge development of the photonic tech-
niques for sub-THz and THz generation and
detection that will continue up to nowadays.
Although the THz Quantum Cascade Laser
(QCL) appeared in 2002, the birth of the
QCL technology was in this decade [32]. In
addition, the first THz TDS imaging exper-
iment was carried out [33] and a photodi-
ode with a new structure (Uni-Travelling-
Carrier (UTC) Photodiode (PD)) was de-
veloped [34], demonstrating a bandwidth of
70 GHz. The UTC was the first of several
PD structures for sub-THz operation and was always linked to the de-
velopment of the photonic CW sub-THz generation techniques.
1.1.3 THz Applications
THz and sub-THz detectors are finding a lot of applications nowa-
days, well together with an emitter on a THz/sub-THz system, well
isolated to capture THz/sub-THz radiation from bodies all around the
universe. Such applications range from THz/sub-THz communications,
to material identification, cancer detection, imaging,...
Radioastronomy
THz waves play an important role in astrophysics due to the fact
that THz radiation contains about half of the luminosity of the universe
and 98% of all the photons emitted since the Big Bang. This impor-
tance is reflected in the number of missions that both European and
American space agencies have launched in the last years regarding these
THz/sub-THz waves. Herschel Space Observatory (formerly called Far
16
1.1. INTRODUCTION
(a) (b) (c)
Figure 1.9: Some of the missions/projects currently undergoing related
with astronomy and THz/sub-THz detection. (a) Herschel telescope, (b)
Planck telescope and (c) ALMA observatory.
Infrared Sub-millimetre Telescope (FIRST)) is the only space observa-
tory to cover a spectral range from the far infrared to sub-millimetre [35].
It has the largest single mirror ever built for a space telescope (3.5 metres
in diameter) and will collect long-wavelength radiation from some of the
coldest and most distant objects in the Universe. In addition, Planck was
launched at the same time as Herschel telescope (February 2009) and is
helping to provide answers to some of the most important questions in
modern science: how did the Universe begin, how did it evolve to the
state we observe today, and how will it continue to evolve in the future.
Planck’s objective is to analyse, with the highest accuracy ever achieved,
the remnants of the radiation that filled the Universe immediately after
the Big Bang - this we observe today as the Cosmic Microwave Back-
ground [36]. Back to the Earth, the biggest project regarding millimetre
and sub-millimetre waves detection is the Atacama Large Millimetre Ar-
ray (ALMA) [37]. ALMA will be the world’s most powerful telescope
for studying the Universe at sub-millimetre and millimetre wavelengths,
on the boundary between infrared light and the longer radio waves.
An example of this kind of application is the THz emitter designed
in the Chapter 3 of the present work.
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Security
THz technology can be used in different security areas [38]. It can be
used to detect and identify hidden explosives materials in an automated
fashion without operator interpretation. Also, it can be used for screen-
ing people to detect metallic and non-metallic objects through clothing
and other materials. This screening system would replace the current
X-Ray systems which are available at airports or high-security areas [3].
In addition, they can investigate the contents of envelopes and paper
packages without opening them. Finally, they can be used to detect of
noxious or dangerous gases such as Hydrogen cyanide and Ammonia.
THz has major advantages over other technologies; it is sensitive to
the presence of explosives, which is a major improvement over the stan-
dard “metal-only” detectors currently deployed. Unlike X-Rays, THz
does not use ionizing radiation and is safe. The ability to use software
to automatically recognize THz fingerprints also eliminates the need for
operator interpretation of complex images as well as the significant pri-
vacy concerns that have plagued both millimetre wave and X-Ray tech-
nologies.
An example of this kind of application is the 300 GHz focusing system
designed in the Chapter 5 of the present work.
Figure 1.10: Passive indoor imaging at (a) 94 GHz [39], (b)
350 GHz [40], (c) 600 GHz (wearing glasses) [41] and (d) broadband
(0.2 THz - 1 THz) [42]. The increase in the visibility of clothing is
apparent when moving from the lower to the higher frequencies, by the
change in contrast of shirt collars and seams (white is “hot”) [38].
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MedicalImaging
THztechnologyalowshigh-resolutionsubsurfaceimagingoftissue.
Itcombinesmacroscopicandmicroscopicimagingthatpotentialyalows
theprecisemargindelineationofcancertissue.Dueinparttoitsabil-
itytorecognizespectralfingerprints,itprovidesgoodcontrastbetween
differenttypesofsofttissue,andisasensitivemeansofdetectingthe
degreeofwatercontentaswelasothercancermarkers[43–45].
Inaddition,itcandetectcariesatanearlystageintheenamellayers
ofhumanteethandmonitorearlyerosionofenamel(Figure1.11b).
(a) (b)
Figure1.11:VisibleandTHzimages.(a)Basalcelcarcinomaexvivo,
themostcommonformofskincancer.Thediseasedtissue,ontheleftof
thevisibleimage,ismarkedbyasolidboundary,thenormaltissueon
therightbyadashedboundary[46].(b)Humantoothcaries[47].
Non-destructiveTesting
Regardingtheartworld,THzwavescanbeusedtoidentifymaterials,
authorshipordegradationofartworks. Forcenturies,artistshaveap-
pliedpainttocanvas,parchment,potteryandbuildingsproducingmany
delicateandvaluableworksofart.Degradationcausedbychemicalre-
action,sunlight,environmentandotherfactorsisacontinuingprocess
thatconservatorswishtoslowdown,stoporevenreverse[47].
Keytotheconservationprocessisunderstandingthechemicaland
physicalstructureoftheworkofart,howmuchdeteriorationhasalready
19
CHAPTER 1. ANTENNAS AT THZ
(a) (b) (c)
Figure 1.12: Composition of “Sacrifice to Vesta” at different
transparency levels of visible and THz images. (a) Image in the visible,
(b) 50 % visible, 50 % THz image and (c) 100 % THz image [48].
taken place and what were the causes. With this knowledge, the process
of repair, restoration and care can start.
Using non-destructive THz waves techniques that can image the sub-
surface structure of materials such as heritage plastics, film negatives and
paint layers on canvas, walls or pottery can be used. Each layer of paint
can be identified and thicknesses measured down to the base material;
whether that is canvas or ceramic. De-lamination of the layers and causes
such as “lead fatty acid inclusions” can be identified non-destructively.
De-lamination from the base materials will also be detected and other
sub-surface details such as an earlier painting or sketch may also be
found [47].
In other areas of conservation, documents or manuscripts can be dam-
aged simply by handling or opening the document. Because THz rays
can penetrate through materials it is possible to image text on delicate
manuscripts without removing the document cover. Regarding this text
identification, THz waves have been used to identify the authorship of
a Goya’s painting (“Sacrifice to Vesta”, Figure 1.12). A feature with a
strong resemblance with one of Goya’s known signatures is seen in the
THz images that cannot be detected otherwise [48].
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Communications
In the last years, the demand for higher data rates and bandwidth in
wireless communications systems has dramatically increased. To achieve
data rates of 10 Gbit/s - 20 Gbit/s, carrier frequencies in the millimetre
or sub-millimetre wavelengths are needed [49]. Although THz communi-
cations are very attractive from the speed and capabilities point of view,
the high atmospheric attenuation at these frequencies as well as the low
power of the available THz sources makes THz wireless communication
a very difficult task to be accomplished [50]. On the other hand, there
are several bands in the millimetre-wave regime which can be used for
high-data rate wireless communications [51].
An example of this kind of application is the E-Band Quasi-Optical
Schottky Barrier Detector designed in the Chapter 4 of the present work.
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1.2 Antennas in the THz and Sub-THz Regime
After a brief introduction on THz waves, explaining their most im-
portant characteristics and some of their applications, this section is
devoted to antennas, which are the most important point in this PhD
dissertation. First, the main parameters of antennas are explained and
then the most widely used antenna topologies at these frequencies are
introduced.
1.2.1 Fundamental Parameters of Antennas
In this section, the main parameters of antennas are briefly reviewed.
These parameters are explained on a simplified way, but there exists a
huge amount of books where the reader can go into further detail of any
of them [52–57].
Radiation Pattern
A radiation pattern is a representation of the radiated field by an
antenna as a function of the different directions of the space at a fixed
distance. Normally spherical coordinates (r, θ, φ) are used and the repre-
sentation is referred to the electric field. As the electric field is a vector
magnitude, two orthogonal components at each point of the constant
radius sphere defined by the spherical coordinates must be calculated
(normally θ and φ). Field radiation pattern or power radiation pattern
have the same information since power density is proportional to the
square of the electric field module, and when they are represented in dB
they are equal.
It is common to represent the radiation pattern in a 3-dimensional
plot but also in a 2-dimensional one showing different cuts of the ra-
diation pattern. In linearly polarized antennas (see polarization in the
next section) E-Plane and H-Plane can be defined. E-Plane is the plane
containing the direction of propagation and the E-field, while H-Plane is
the plane containing the direction of propagation and the H-field. Both
planes are perpendicular and its intersection represents a line which de-
fines the direction of propagation.
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(a) (b) (c)
Figure 1.13: 3D radiation patterns. (a) Isotropic, (b) Omnidirectional
and (c) Directive.
Depending on the shape of the radiation pattern three types of radia-
tion patterns can be identified: isotropic (Figure 1.13a), omnidirectional
(Figure 1.13b) and directive (Figure 1.13c).
Bi-dimensional cuts of the radiation pattern can be represented ei-
ther in Polar or Cartesian coordinates. An example of both of them
can be seen on Figures 1.14a and 1.14b. In the first case, the radius
represents the intensity of the radiated electric field or the power den-
sity, while the angle represents the space direction. In the second case,
the angle is represented in the abscissa axis while electric field or power
density is represented in the ordinate axis. Field or power density can
be represented on an absolute or on a relative way (normalized to the
maximum), with natural or dB scales.
From a radiation pattern representation, several parameters can be
extracted. The direction of the space where the radiation is maximum
it is called the main lobe while the secondary lobe is the lobe with
more amplitude among the rest of the lobes.
3 dB Beamwidth (∆θ3dB) or Half Power Beamwidth (HPBW)
is the angular distance in the directions where the density power radia-
tion pattern is equal to half the maximum.
Beamwidth Between Zeros (∆θc) or First Null Beamwidth
(FNBW) is the angular distance in the directions where main lobe has
a minimum.
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Figure1.14:Radiationpattern.(a)Polarand(b)Cartesian
representation.
SideLobeLevel(SLL)istherelationbetweenthevalueoftheradia-
tionpatterninthedirectionofmaximumradiationandthevalueofthe
radiationpatterninthedirectionofthesecondarylobe.Itisnormaly
expressedindB.
Front-to-back(F/B)Radiationistherelationbetweenthevalueof
theradiationpatterninthedirectionofmaximumradiationandthe
valueoftheradiationpatternintheoppositedirection.
Directivity
Directivityofanantennaisdefinedastherelationshipbetweenpower
densityradiatedinadirectionatafixeddistanceandthepowerdensity
thatwouldberadiatedatthatdistancebyanisotropicantennathat
radiatesthesamepowerastheantenna:
D(θ,φ)= S(θ,φ)Pr/(4πr2) (1.1)
whereS(θ,φ)ispowerdensity,andPrisradiatedpower.
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If no angular distribution is specified, it is understood that the di-
rectivity refers to the maximum radiation direction:
D =
Smax
Pr/ (4pir2)
(1.2)
The directivity can be obtained from the expression:
D =
4pi∫∫
4pi
t (θ, φ) dΩ
(1.3)
where
t (θ, φ) =
S (θ, φ)
Smax
(1.4)
is the normalized radiation pattern.
In directive antennas, a good approximation to calculate the direc-
tivity is:
D =
4pi
∆θ1 ·∆θ2 (1.5)
where ∆θ1 and ∆θ2 are the HPBW in the two main planes of the
radiation pattern.
Once the maximum directivity D and the normalized radiation pat-
tern t (θ, φ) are known, then it is easy to obtain the directivity at any
direction:
D (θ, φ) = D · t (θ, φ) (1.6)
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Gain
The gain (G) is directly related with directivity. Its definition is the
same as the directivity one, but instead of comparing with the radiated
power, the actual delivered power is used. Then, it is possible to take
into account the losses of the antenna. The directivity and the gain are
related by radiation efficiency (rad):
G (θ, φ) =
P (θ, φ)
Pdelivered/ (4pir2)
=
Pr
Pdelivered
· P (θ, φ)
Pr/ (4pir2)
= rad ·D (θ, φ) (1.7)
Radiation Efficiency
The existence of losses in the antenna makes that not all the power
delivered from the transmitter to the antenna is radiated to the free
space. How much power is radiated to the free-space is defined by the
radiation efficiency (rad) which is defined between 0 (no power is ra-
diated to the free-space) and 1 (all power delivered to the antenna is
radiated to the free-space).
Effective Aperture Area and Aperture Efficiency
The effective aperture or effective area (Aeff ) is defined as the rela-
tion between the power that the antenna delivers to its load (in a matched
case, suppose antenna working in reception) and the power density of the
incident wave. It is related to the directivity with the following formula:
Aeff
D
=
λ2
4pi
(1.8)
Effective aperture cannot be higher than the physical dimension of
the antenna, so an aperture efficiency (aperture) that relates the effective
area (Aeff ) and the physical area (Aphy) of the antenna can be defined:
aperture =
Aeff
Aphy
(1.9)
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Phase Pattern and Phase Centre
Under some circumstances it is desirable to plot not the amplitude
of the electric field (as in the radiation pattern) but the phase of the
electric field. Such representation is called the phase pattern.
When observing an antenna at a great distance, its radiation can be
seen as coming from a single point. In other words, its wave front is
spherical. This point, centre of curvature of the surfaces with constant
phase, it is called the phase centre of the antenna.
Polarization
Polarization represents the field vector orientation in a fixed point as
a function of time. It can be identified by the geometric figure described,
as time goes, by the end of the electric field vector in a fixed point of
the space in the perpendicular plane to the propagation direction. Three
figures can be generated: an ellipse (which is the most generic one), a
segment (linear polarization) and a circumference (circular polarization).
The direction of rotation of the electric field, either in circularly po-
larized waves or elliptically ones, it is called right-hand polarization if it
is clockwise and left-hand if it is counterclockwise.
Axial ratio of an elliptically polarized wave is defined as the ratio
between the major and minor axis of the ellipse. It takes values between
1 and infinity. For a circularly polarized wave the axial ratio is 1.
Input Impedance
The input impedance of an antenna is the relation between the volt-
age and the current at the input of the antenna. It is normally a complex
number that depends on the frequency:
Zin (ω) = R (ω) + X (ω) (1.10)
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If X (ω) = 0 at some specific frequency, it is said that the antenna is
resonant at that frequency. Knowing the input impedance of an antenna
is a key factor because normally the antenna is connected to a trans-
mission line or to an active device (transistor, diode, ...). If a mismatch
occurs between the antenna and the device, then not all the power trans-
mitted through the device will be delivered to the antenna (transmitter)
or not all the power received by the antenna will be delivered to the
device (receiver).
Radiation Resistance
When delivering power to an antenna, a part of it is radiated through
the free-space. This quantity can be defined by a radiation resistance
Rr which is defined as the resistance value that will dissipate the same
power than the one radiated by the antenna:
Pr = I
2 ·Rr (1.11)
Not all the power delivered to an antenna is radiated through the
free-space. Associated to this, the losses resistance RΩ can be defined.
This resistance refers to the losses that appear in the antenna and is
defined as the resistance value that will dissipate the same power as the
one not radiated by the antenna.
Pdelivered = Pr + Plosses = I
2 ·Rr + I2 ·RΩ (1.12)
This is related to the radiation efficiency (rad) defined previously:
rad =
Pr
Pdelivered
=
Pr
Pr + Plosses
=
Rr
Rr +RΩ
(1.13)
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Bandwidth
It represents the frequency margin where one particular property is
satisfied. For the antenna case, two different kinds of parameters can be
considered: impedance parameters or radiation parameters. Then the
antenna bandwidth would be defined as the frequency margin where the
impedance or the reflection coefficient is kept under some value and the
shape radiation pattern is kept constant. It can be represented as the
absolute value (fmax − fmin) or relative value (Fractional Bandwidth
(FBW)):
FBW =
fmax − fmin
f0
(1.14)
For broadband antennas, it is common to represent the bandwidth
in the form:
BW =
fmax
fmin
: 1 (1.15)
The criteria used to determine the bandwidth of an antenna are re-
lated to the radiation pattern (directivity, polarization purity, beamwidth,
SLL) or to the impedance (input impedance, reflection coefficient or
Standing Wave Ratio (SWR)).
1.2.2 THz/sub-THz Antenna Topologies
In this section, the most common antenna topologies used in the
THz gap are presented. Resonant antennas such as dipoles or slot an-
tennas, as well as spirals, log-spirals, log-periodic and bow-ties are also
presented and explained as self-complementary antennas. Finally horn
antennas are included as the most typical non-planar antennas used in
the THz/sub-THz regime.
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Resonant+RFchoke
RegardingresonantantennasworkingintheTHzband,themost
widelyusedaredipolesortopologiesrelatedwiththem.Eitherdetec-
torsoremittersdevicespossessacapacitivepartatitsinputimpedance
thathaveastronginfluenceathigherfrequencies.Traditionaly,thisca-
pacitivepartiscompensatedbyincludingaRadiofrequency(RF)choke
(normalyalowpassfilter)[58].InFigure1.15anexampleofadipole
antennawithaRFchokeisplotted.InthiscasetheRFchokeisa
steppedimpedancelowpassfilter.
Oncethiscapacitivepartiscompensated,thenanantennawiththe
samerealpartasthedeviceisdesiredtomaximizethepowerdelivered
to/fromtheantenna.Dependingonthedevice,onetopologyoranother
wil be moresuitable. Forinstance,photomixers[59]possessavery
highinputimpedance,soanantennawithaveryhighinputimpedance
wilbethebestoption. Ontheotherhand,devicessuchasSchottky
diodesorFEThavealowerrealpartoftheinputimpedance,sodifferent
antennasmaybeused.In[60]adetailednumericalstudyonsomeof
theseresonantantennasatTHzfrequenciesispresented.
DipoleAntennas
Antenna RF choke
Dipoleantennasareoneofthemostsimpleantennas.Theyconsist
oftwoconductingarmsthatarefedinthemiddleofit. Dependingon
theshapeofthesetwoarmsdifferenttopologiescanbeidentified.
Figure1.15:SEMpictureofadipoleantennawithastepped
impedancelowpassfilteractingasRFchoke.
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λ/2 and λ Dipoles A schematic of a single dipole can be seen on the
Figure 1.16a. Depending on the total length of the it (LD), two kind
of dipoles can be identified: λ/2 and λ dipoles. The main difference
between them is the input impedance they can provide. λ/2 dipoles have
a minimum of voltage and a maximum of current at the feeding point
(red line), thus a minimum in the input impedance is obtained. This can
be modified by changing the gap and the width of the dipole, but for a
silicon substrate typically around 50 Ω is obtained at its resonance. On
the other hand, λ dipoles have a maximum of voltage and a minimum
of current at the feeding point (red line), thus a maximum in the input
impedance is obtained. This can be modified by changing the gap and
the width of the dipole, but for a silicon substrate typically around 250 Ω
is obtained at its resonance. A typical λ/2 dipole antenna operating at
1 THz and laying over silicon substrate (r = 11.7) has Ld ≈ 45 µm and
wd ≈ 3 µm dimensions while a typical λ dipole antenna would have Ld ≈
90 µm and wd ≈ 3 µm dimensions.
Dual-Dipoles Dual antenna elements have several advantages over sin-
gle antenna element designs. These include more symmetric beam pat-
terns, leading to higher Gaussian beam efficiency and higher radiating
resistance [61]. An schematic of a dual-dipole can be seen on the Figure
1.16b. The feeding point (red line) is placed in the middle of the an-
tenna and two symmetric arms formed the dipole antenna configuration.
Similar input impedance as a λ dipole is achieved with this configuration,
but the radiation pattern is improved. A typical dual-dipole antenna
over silicon substrate (r = 11.7) working at 1 THz has A ≈ 70µm, B ≈
50 µm, C ≈ 3 µm, D ≈ 1 µm, and E ≈ 5 µm. This topology has been
widely used in the THz and sub-THz resonant systems designs [58,62].
Meander Dipoles Meander dipole antenna is similar to a dipole where
its radiating part is bent to a meander shape in order to reduce the
antenna size [63]. A schematic of it with its main design parameters can
be seen on the Figure 1.16c. Traditionally, this antenna is used to reduce
the antenna size (antenna miniaturization) and in systems that need
a very high value of the input impedance, since this antenna provides
higher values of input impedance at its resonance than λ dipoles or dual-
dipoles [63]. With this antenna topology, input impedances larger than
1000 Ω can be achieved. This antenna is also very suitable for biasing the
active device (photomixer, diode, . . .) placed in the middle of it. This
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Figure 1.16: Schematic of resonant antennas used in the THz/sub-THz
regime. (a) Single dipole,(b) Dual dipole, (c) Meander dipole, (d)
Full-wavelength four-leaf-clover dipole and (e) Slot antenna
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is due to the fact that almost no current is excited at higher frequencies
in the borders of the arms, so biasing circuitry does not affect the high
frequency behaviour of the antenna. On the other hand, lower values
of radiation efficiency are achieved when comparing with conventional
dipoles or dual-dipoles. A typical meander dipole antenna over silicon
substrate (r = 11.7) working at 1 THz has L ≈ 45µm , w ≈ 3 µm and
d ≈ 3 µm dimensions.
Full-Wavelength Four-Leaf-Clover This antenna was proposed in
[64] and a schematic of it can be seen on the Figure 1.16d with its
design parameters. This antenna provides similar input impedance as
the meander dipole (more than 1 kΩ) but with the advantage of being
a dual antenna, thus improving the radiation pattern. A typical full-
wavelength four-leaf-clover antenna over silicon substrate (r = 11.7)
working at 1 THz has Dx = Dy ≈ 37 µm, Gx = Gy ≈ 2 µm, and w ≈
3 µm.
Slot Antennas
Slot antennas are complementary to dipole antennas. While dipoles
have an electric moment, the slot has a magnetic one (Babinet’s prin-
ciple [52]). According to it, a single slot antenna (Figure 1.16e) has a
maximum on the input impedance at Ls = λ/2. All the dipoles men-
tioned above can be also manufactured in a slot topology but having half
the length of them. Similar behaviour regarding the input impedance
is expected. A typical single slot antenna operating at 1 THz and lay-
ing over silicon substrate (r = 11.7) has Ls ≈ 45 µm and ws ≈ 3 µm
dimensions.
Self-Complementary Antennas
Self complementary antennas are antennas where the metallic and
non-metallic areas have the same shape and can be superimposed on
each other by rotation. An antenna with a self-complementary structure
has a constant input impedance, independently of the source frequency
and shape of the structure. These are broadband antennas that can
achieve a bandwidth of more than one octave [65].
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According to [65], input impedance of self-complementary antennas
are equal to:
Zin =
Z0
2
(1.16)
where Z0 is the intrinsic impedance of the medium. In the case of
free-space, Z0 = η = 120pi. It can be seen that this impedance is always
real and constant with frequency.
Self-complementary antennas are very attractive because they have
excellent wideband radiation characteristics and because predicting res-
onant behaviour of a source is extremely difficult at high-frequency re-
gions. So the use of antennas with a frequency independent response
allows tests to be conducted over a wide spectral range with a single de-
vice. In applications such as spectroscopy, self-complementary antennas
are the main option due to its broadband nature.
Among the available self-complementary topologies [65], three of
them are the most widely used: log-spiral, log-periodic and bow-tie an-
tennas. In the following sections each of them are briefly explained.
In [66] a detailed numerical study on these three antennas at THz fre-
quencies is presented.
Log-Spiral Antennas
The log-spiral antennas are self-complementary antennas when de-
signed with specific parameters such as the proper arm length and width.
The most important characteristic of these antennas is the constant in-
put impedance (theoretical) not depending on frequency [65], when both
the width of the arms and spacing between them are equal. Nevertheless,
as self-complementary antennas, they are supposed to be infinite but due
to practical reasons always are truncated, so the input impedance could
not be constant over an infinite bandwidth, both in the high and the
low band. The truncation has effects on the low frequency limit, where
the size of the element is comparable to the wavelength and the energy
spreads throughout all the structure; at high frequencies, the limitation
is due to the source feed itself because of the roll-off and also to the
truncation of the spiral on the inner side to place the feed.
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The log-spiral design parameters are:
r1 = ke
aφ, r2 = ke
a(φ−δ) (1.17)
where r1 and r2 represent the inner and external radius of the spiral,
respectively. The angle δ determines the arm width, and a and k are
constants which control the growth rate of the spiral and the size of
the terminal region respectively. In the Figure 1.17a a schematic of it
is depicted. Its lower frequency is determined approximately by Dout
while its higher frequency is determined by the gap in the middle of it.
Log-spiral antennas provide a relatively constant input impedance
and circular polarization. Its radiation efficiency is high and they provide
an almost constant radiation pattern.
Log-Periodic Antennas
The log-periodic antenna has a log-periodic circular-toothed struc-
ture with tooth and bow angles of α = β = 45◦ (for the self-complementary
case). The ratio of the successive teeth (Rn+1/Rn) is 0.5 while the size
ratio of the tooth and anti-tooth (rn/Rn) is equal to
√
0.5. In the Fig-
ure 1.17b a schematic of it is depicted. Its lower frequency is determined
approximately by Dout while its higher frequency is determined by the
gap in the middle of it.
Log-periodic antennas possess a non-constant impedance and its po-
larization is not constant with frequency. In addition, its radiation ef-
ficiency decreases with frequency. On the other hand they have a good
radiation pattern and can achieve a high directivity over a wide band-
width. This topology is one of the most used at THz frequencies.
Bow-Tie Antennas
The bow-tie antenna has the shape depicted in the Figure 1.17c. It
is similar to a dipole where its arms are wider at their extremes. A
self-complementary bow-tie has an angle α = 90◦.
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Figure 1.17: Schematic of self-complementary antennas used in the
THz/sub-THz regime. (a) Log-spiral,(b) Log-periodic and (c) Bow-tie.
36
1.2. ANTENNAS IN THE THZ AND SUB-THZ REGIME
This self-complementary topology provides the most constant input
impedance of the three analysed cases but, on the other hand, its radi-
ation pattern gets worse with frequency.
Horn Antennas
A horn antenna is an antenna that consists on a waveguide where the
section is gradually increased until an open extreme which behaves as an
aperture. Two of the most common horn antennas can be seen on Fig-
ure 1.18 (pyramidal and conical horn antennas). These antennas are ex-
plained in more detail in the Chapter 5 of the present work, but its main
characteristics are that they have a relative high gain, they are broad-
band (limited by the feeding waveguide), they can handle high power
and they provide a very good Gaussian beam [52–57]. They are very
common in waveguide based systems at frequencies lower than 1 THz.
(a) (b)
Figure 1.18: Horn antennas. (a) Pyramidal and (b) Conical.
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CHAPTER 2
PLANAR ANTENNAS LYING ON
DIELECTRIC SLABS
In this chapter, the radiation pattern of antennas lying on dielec-
tric slabs is analysed. First of all, an introduction explaining how the
substrate affects the radiation pattern at THz and sub-THz frequen-
cies and the importance of correctly analysing it is presented. Then, a
Method-of-Moments (MoM) based software to analyse antennas lying on
both semi-infinite and multilayered substrates has been developed and
radiation patterns are analysed. Once radiation patterns are presented,
the two main contributions of this chapter are discussed. The first one
consists of explaining the anomalies that appear in the radiation pat-
tern of both vertical and horizontal dipoles when laying on the interface
between vacuum and a semi-infinite substrate. The other main con-
tribution consists of designing a software capable of analysing radiation
patterns of any antenna having an extended hemispherical dielectric lens
as substrate.
The developed tools for obtaining the radiation pattern of antennas
both over multilayered substrate or dielectric lens will be used in Chap-
ters 3 and 4 in order to calculate the radiation pattern of the so called
LAEs and the radiation pattern of the developed detectors (Schottky
and Metal Oxide Semiconductor Field Effect Transistor (MOSFET)).
CHAPTER 2. PLANAR ANTENNAS
2.1 Introduction
The analysis of antennas embedded or just laying on the interface of
two electrically different media has been compiled from a broad spec-
trum of researches [1–7]. The interest of these kinds of antennas and
topologies has been increased in the last years due to, for example,
the potential new devices for THz generation based on the use of the
substrate semiconductor properties avoiding the use of antennas. The
equivalent electromagnetic model of these new devices called LAEs is no
more complex than an array of Hertzian dipoles laying on the interface
of the semiconductor and air [8]. The lattice and geometry of this array
will be parametrized as a function of the excitation of the device and
the physical geometry of the semiconductor device. Knowledge on the
radiation pattern of such arrays is required by the scientific community.
Antennas lying over a dielectric medium have some special features
that distinguish them from antennas in free-space. In free-space, the
power radiated from a planar antenna divides equally above and below
the plane by symmetry, while an antenna on a dielectric mainly radiates
into the dielectric. This results both from the way in which elementary
sources radiate and from the way in which waves propagate along met-
als at a dielectric interface [2]. This can be explained by the impedance
of both media. Let us assume that a dipole is placed on the interface
between air and a dielectric. If the dipole is used as a receiving antenna,
it measures the electric field parallel to it which is the field transmitted
through the interface. In the transmission-line model of wave propa-
gation [9], a wave from a high impedance material (air) is incident on
a low-impedance material (dielectric). The transmitted electric field is
small, so the dipole response is small. The effect is the same as looking
at the voltage across a coaxial cable terminated with a low resistance.
When the wave is incident from the dielectric side, the transmitted elec-
tric field is large and the dipole response is large, since the material
has a lower impedance than the air. The analogous situation in coaxial
cable is the voltage seen at a high-impedance load. The result is that
the response is larger when the wave is incident from the dielectric. By
reciprocity, the power transmitted from the dipole is larger in the dielec-
tric [2]. Because any antenna can be seen as a collection of elementary
Hertzian dipoles, it can be said that an antenna would ordinarily ra-
diate more strongly into the dielectric [2]. Another factor that favours
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the radiation into the dielectric is the way in which the waves propagate
along metals at a dielectric interface. The waves tend to propagate at
a velocity that is intermediate between the velocity of waves in the air
and the velocity of waves in the dielectric [3,10]. Usually, the wave prop-
agates with a velocity close to that characteristic of a material with a
dielectric constant equal to the mean of the two dielectric constant. The
effect is that the wave is slow as far as the air is concerned, and mainly
evanescent waves are excited. On the other hand, for the dielectric the
wave is fast, and the radiation is strong there. The effect is that of a
leaky-wave antenna, with radiation primarily in the dielectric [2]. So it
seems clear that the energy should be focused in from the dielectric side.
Another issue that has to be taken into account is the thickness of
the substrates at THz and sub-THz frequencies which is in the order of
some wavelengths. Under these conditions, the substrate is very thick
and its effect has to be taken into account. From the ray point of view
(Figure 2.1), the rays incident with an angle larger than the critical angle
are completely reflected and trapped as surface waves [2]. This surface
wave power will be discussed in Section 2.3.2 and is a key issue since
it can dominate the radiated power. These surface waves can be con-
trolled by the inclusion of a lens on the back side of the substrate with
the same dielectric constant. This eliminates the problem, because, as
shown in Figure 2.2, the rays now impinge nearly normal to the surface
and do not suffer total internal reflection. The substrate lens takes ad-
2αcSubstrate
Air
Air
Transmitting 
Antenna
Trapped Rays
Figure 2.1: Transmitting antenna on a dielectric substrate showing the
rays trapped as surface waves. The critical angle is represented as αc.
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Transmitting 
Antenna
(a)
Transmitting 
Antenna
(b)
Figure 2.2: Substrate lenses. (a) Hemisphere and (b) Extended
hemisphere.
vantage of the sensitivity of an antenna to radiation from the substrate
side and eliminates the surface waves. In addition, directivity is im-
proved. The disadvantages of the substrate lens are those of any system
using refractive optics: absorption and reflection losses [2]. Among the
available dielectric lenses, two are particularly attractive because they
are aplanatic, adding no spherical aberration or coma [11]. These are
the hemispherical lens (Figure 2.2a) and the extended hemispherical lens
(Figure 2.2b). Analysis of the latter one is carried out in the Section 2.5.
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SEMI-INFINITE SUBSTRATE
2.2 Radiation Pattern of a Dipole over a Semi-Infinite
Substrate
In some cases, a good approximation to obtain radiation pattern
of antennas laying over a dielectric at THz frequencies is to consider
the thickness of such substrate infinite. At THz frequencies, available
substrates have a thickness of several λ (typical 350µm thickness Silicon
wafers correspond to ∼ 4λ at 1 THz) and available commercial full-wave
electromagnetic simulators would need a lot of computational time and
resources to solve the problem because the size of it, in terms of λ,
is very high. For all the above, it seems reasonable to consider such
thickness as infinite. In some applications, such as hyperhemispherical
dielectric lenses design (Section 2.5) this radiation pattern over semi-
infinite substrate is needed. In this section, the radiation pattern of the
most elementary antenna, Hertzian dipole, over semi-infinite substrate
is calculated. To do so, analytical expressions have been derived as
well an in-house developed MoM based software [12] and results of both
of them are compared. Regarding available commercial electromagnetic
softwares, only those based on MoM correctly calculate radiation pattern
of antennas over semi-infinite substrate (e.g. FEKO [13]), while others
such as CST [14] fail or at least there is an open discussion on the topic
of how to correctly calculate it [15].
Analytical expressions for the radiation pattern of an electric dipole
located in a dielectric medium 1 at distance z0 from the interface to a
different dielectric medium 2 have been derived, based on Lukosz’s work
[4–6]. The radiation patterns of dipoles located on the interface (z0 = 0)
and oriented perpendicular and parallel to it, are particularly examined.
The results are similar to the ones presented in [1–6] and the rigorous
mathematical methodology theory can be followed in [4–6]. Both media
1 and 2 are assumed to be isotropic, homogeneous, and non-absorbing
dielectrics with refractive indices n1 and n2, respectively. Summarizing
the methodology presented in [4–6], first, the unperturbed dipole field is
represented as a superposition of s- and p-polarized plane and evanescent
waves. When these waves are incident on a plane z = constant they are
called Transversal Electric (TE) waves or s-polarized waves since the
electric field is perpendicular to the plane of incidence. A Transversal
Magnetic (TM) wave or p-polarized wave is defined when the magnetic
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Figure 2.3: D dipole located in medium 1 at distance z0 from the
interface to medium 2. The unit vector nˆ in direction of the dipole
moment lies in the x-z plane.
field is perpendicular to the plane of incidence. This representation is
rigorously valid both in the dipole’s far field and near field. Then, the
reflection and refraction of each of these plane and evanescent waves
incident onto the interface are considered separately. In Figure 2.3 an
schematic of the problem is depicted.
In the following subsections horizontal dipole and vertical dipole are
treated separately.
2.2.1 Vertical Dipole
In Figure 2.4 the radiation pattern of a vertical dipole lying on the
interface between two semi-infinite media is depicted. In-house MoM
based software with the exact Green’s function has been used as the
electromagnetic simulator [12]. Upper medium is vacuum while lower
medium is GaAs (r = 12.9). It can be seen how the radiation pattern
does not depend on the angular coordinate φ (the same as a vertical
dipole on an unbounded medium) and a maximum in the radiation pat-
tern appears at the critical angle (αc = arcsin (1/12.9) = 16.16
◦ → θ =
180◦ − αc = 163.84◦). These results are completely similar to those
presented in the literature [1–6].
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(a)
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Embedded Dipole
(b)
Figure 2.4: Radiation pattern of a dipole laying in the interface
between two media n1 =
√
12.9 (GaAs), n2 = 1, with β = 0
◦. (a) 3D plot
and (b) Polar plot comparing with embedded dipole (n1 = n2 =
√
12.9).
In Figures 2.5-2.6 the angular distribution of the emitted power of a
vertical electric dipole normalized to the unbounded medium (n1 = n2 =
1) case is depicted. The radiation patterns only depend on the distance
z0 and on the refractive index n1 and n2. Maximum of the radiation
pattern occurs at the critical angle (αc = arcsin (n2/n1)) where the
radiation pattern has an uncertainty and it remains at the same angular
point never mind the distance z0.
The power radiated in a direction beyond the critical angle, αc, of the
medium exponentially decreases with the dipole’s distance z0 from the
interface. Here ∆z (α2) is the penetration depth of that evanescent wave
in the dipole field whose refraction at the interface rises the transmitted
plane wave with angle of refraction α2. For distances z0  ∆z (α2) the
evanescent wave does not reach the interface, and no transmitted light
appears in medium 2 at α2 > αc.
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Figure 2.5: Angular distribution P (θ) of emitted power normalized to
n1 = 1 and n2 = 1 case vs angle θ for vertical electric dipoles located on
the interface (z0 = 0). (a) n2 = 1 and n1 =
√
12.9 (blue line), n1 = 2
(red line), n1 =
√
2 (green line) and n1 = 1.01 (black line). (b) n1 = 1
and n2 =
√
12.9 (blue line), n2 = 2 (red line), n2 =
√
2 (green line) and
n2 = 1.01 (black line). Yellow curve gives P∞(θ) for dipoles in an
unbounded medium 1 (n1 = n2 = 1).
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Figure 2.6: Angular distribution P (θ) of emitted power normalized to
n1 = 1 and n2 = 1 case vs angle θ for vertical electric dipoles located at
different distances z0. (a) n2 =
√
2 and n1 = 1. z0 = 0 (blue line), z0 =
λ1/4 (red line) and z0 = λ1 (green line). (b) n2 =
√
12.9 and n1 = 1. z0
= 0 (blue line), z0 = λ1/4 (red line) and z0 = λ1 (green line).
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2.2.2 Horizontal Dipole
In this section the case for the radiation pattern of a horizontal dipole
(β = 90◦) laying on the interface of two media (Figure 2.7) is analysed.
In-house MoM based software with the exact Green’s function has been
used as the electromagnetic simulator [12]. These results are completely
similar to those presented in the literature [1–6]. In Figures 2.8-2.11
the angular distribution of the emitted power of a horizontal electric
dipole normalized to the unbounded medium (n1 = n2 = 1) case is
depicted. The radiation patterns only depend on the distance z0 and
refractive index n1 and n2. Maximum of the radiation pattern occurs
at the critical angle (αc = arcsin (n2/n1)) for the H-Plane and a null
appears at the same angle in the E-Plane, where the radiation pattern
has an uncertainty and it remains at the same angular point never mind
the distance z0.
The power radiated in a direction beyond the critical angle, αc, of
the medium exponentially decreases with the dipole’s distance z0 from
the interface. Here ∆z (α2) is the penetration depth of that evanescent
(a)
H-Plane E-Plane 
 
−25
−20
−15
−10
−5
0
5
Semi−Infinite Substrate
Embedded Dipole
(b)
Figure 2.7: Radiation pattern of a horizontal dipole laying in the
interface between two media n1 =
√
12.9 (GaAs), n2 = 1, with β = 90
◦.
(a) 3D plot and (b) Polar plot comparing with embedded dipole
(n1 = n2 =
√
12.9).
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Figure 2.8: Angular distribution P (θ) of emitted power normalized to
n1 = 1 and n2 = 1 case vs angle θ for vertical electric dipoles located on
the interface (z0 = 0). n2 = 1 and n1 =
√
12.9 (blue line), n1 = 2 (red
line), n1 =
√
2 (green line) and n1 = 1.01 (black line). Yellow curve gives
P∞(θ) for dipoles in an unbounded medium 1 (n1 = n2 = 1). (a)
E-Plane and (b) H-Plane.
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Figure 2.9: Angular distribution P (θ) of emitted power normalized to
n1 = 1 and n2 = 1 case vs angle θ for horizontal electric dipoles located
on the interface (z0 = 0). n1 = 1 and n2 =
√
12.9 (blue line), n2 = 2 (red
line), n2 =
√
2 (green line) and n2 = 1.01 (black line). Yellow curve gives
P∞(θ) for dipoles in an unbounded medium 1 (n1 = n2 = 1). (a)
E-Plane and (b) H-Plane.
54
2.2. SEMI-INFINITE SUBSTRATE
0 50 100 150
0
0.5
1
1.5
2
2.5
3
θ [◦]
P
(θ
)
 
 
z0 = 0
z0 = λ1/4
z0 = λ1
(a)
0 50 100 150
0
0.5
1
1.5
2
2.5
3
θ [◦]
P
(θ
)
 
 
z0 = 0
z0 = λ1/4
z0 = λ1
(b)
Figure 2.10: Angular distribution P (θ) of emitted power normalized to
n1 = 1 and n2 = 1 case vs angle θ for horizontal electric dipoles located
at different distances. z0. n2 =
√
2 and n1 = 1. z0 = 0 (blue line), z0 =
λ1/4 (red line) and z0 = λ1 (green line). (a) E-Plane and (b) H-Plane.
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Figure 2.11: Angular distribution P (θ) of emitted power normalized to
n1 = 1 and n2 = 1 case vs angle θ for horizontal electric dipoles located
at different distances. n2 =
√
12.9 and n1 = 1. z0 = 0 (blue line), z0 =
λ1/4 (red line) and z0 = λ1 (green line). (a) E-Plane and (b) H-Plane.
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wave in the dipole field whose refraction at the interface gives rise to
the transmitted plane wave with angle of refraction α2. For distances
z0  ∆z (α2) the evanescent wave does not reach the interface, and no
transmitted light appears in medium 2 at α2 > αc.
2.3 Radiation Pattern of a Dipole in a Multilayered
Media
In this section, the radiation pattern of a Hertzian dipole (both ver-
tical and horizontal) when lying above or inside a multilayered media
is described. While in previous section the substrate lying beneath the
antenna has been considered to have semi-infinite thickness, this case
is not real and is useful only under certain circumstances. It will be
shown that this finite thickness substrate changes the radiation pattern
of antennas placed above or inside the substrate.
First of all, the case of both horizontal and vertical Hertzian dipoles
when placed over a common 350µm GaAs wafer is analysed for differ-
ent frequencies and compared with radiation patterns obtained in the
previous section. Then, the Hertzian dipole is placed inside the GaAs
wafer and radiation pattern as well as radiated power is calculated. It
will be shown that when a dipole is placed in between a dielectric, a
Fabry-Perot behaviour appears and part of the power is kept through
the dielectric and it is not radiated to the air. This case is very useful for
the electromagnetic equivalent radiated power circuit for vertical LAEs
that is obtained in Section 3.3.
2.3.1 Hertzian Dipole over Finite Thickness Substrate
A 350µm GaAs (n =
√
12.9) substrate and a Hertzian dipole lay-
ing over it is considered in this section. For z > 350µm and z < 0
air (r = 1) is set as background material while for 0 < z < 350 µm
GaAs is considered. In the following two subsections a Hertzian dipole
placed along the z-direction (vertical dipole) and along the x-direction
(horizontal dipole), both lying on z = 350µm, is analysed.
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Vertical Dipole
In Figure 2.12 the radiation patterns for a vertical Hertzian dipole
lying over a 350µm GaAs substrate is depicted and compared to the
semi-infinite case from Section 2.2.1. It can be seen that, while in the
semi-infinite case radiation pattern does not depend on the frequency,
in this finite case frequency plays an important role. Although physical
dimensions of the GaAs wafer are the same, in terms of the wavelength
it changes with frequency, so an effect on the radiation pattern is ex-
pected. Maximum at the critical angle does not exist any more and it is
translated to angles close to θ = 90◦ (interface between air and GaAs).
So it seems that considering the substrate thickness as infinite is not
a good option in most of the cases, no matter how large the substrate
is. In Section 2.5 it will be shown that considering substrate thickness
as infinite is a good approximation for calculating radiation patterns of
antennas with a hyperhemispherical lens as substrate.
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Figure 2.12: Radiation patterns of a vertical Hertzian dipole lying over
a 350µm GaAs substrate for different frequencies and for semi-infinite
GaAs case.
Horizontal Dipole
In Figure 2.13 the radiation patterns for an horizontal (x-direction,
φ = 0◦) Hertzian dipole lying over a 350µm GaAs substrate is depicted
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and compared to the semi-infinite case from Section 2.2.2. It can be
seen that, while in the semi-infinite case the radiation pattern does not
depend on the frequency, in this finite case frequency plays an important
role. Although the physical dimensions of the GaAs wafer are the same,
in terms of the wavelength it changes with frequency, so an effect on
the radiation pattern is expected. Neither maximum nor null at the
critical angle exist and the maximum is translated to angles close to θ =
90◦ (interface between air and GaAs). So it seems that considering the
substrate thickness as infinite is not a good option in most of the cases,
no matter how large the substrate is. In Section 2.5 it will be shown
that considering substrate thickness as infinite is a good approximation
for calculating radiation patterns of antennas with a hyperhemispherical
lens as substrate.
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Figure 2.13: Radiation patterns of a horizontal Hertzian dipole lying
over a 350 µm GaAs substrate for different frequencies and for
semi-infinite GaAs case.
2.3.2 Hertzian Dipole inside Finite Thickness Substrate
Recently, with the improvements in the CMOS manufacture process
(an example of it is shown in the Section 4.3 of the present work), anten-
nas integrated with other circuits are receiving great attention at THz
and sub-THz frequencies [16]. In such technology, antennas are included
between different dielectric media so it is a key point to correctly cal-
culate the radiation pattern of them. Another important application
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where antennas are placed inside finite thickness substrate are LAEs.
This antenna free scheme is explained in detail in Section 3.3 where an
electromagnetic radiation pattern equivalent circuit is obtained by dis-
cretizing the continuous currents into an array of Hertzian dipoles. As
an example of the effect that a dielectric with finite thickness has on
the radiation pattern, both vertical and horizontal Hertzian dipoles are
analysed.
Vertical Dipole
In this section the vertical dipole case is analysed. A Hertzian dipole
oriented across the z-direction is placed in the middle of a 350µm thick-
ness GaAs wafer and results are depicted in Figure 2.14a. It can be seen
that a perfectly symmetric radiation pattern is obtained in both φ =
0◦ and φ = 90◦ planes with a small variation due to frequency. When
the dipole is displaced inside the GaAs wafer up to 25µm away from
the top of the wafer the radiation pattern displayed in Figure 2.14b is
obtained. In that case the radiation pattern is not symmetric any more
and depending on the frequency more power is radiated through z > 0
or z < 0.
Horizontal Dipole
In this section the horizontal dipole case is analysed. A Hertzian
dipole oriented across the x-direction is placed in the middle of a 350µm
thickness GaAs wafer and results are depicted in Figure 2.15a. It can
be seen that a perfectly symmetric radiation pattern is obtained in both
E-Plane (φ = 0◦) and H-Plane (φ = 90◦) with a small variation due
to frequency, making wider one plane or the other. When the dipole is
shifted inside the GaAs wafer up to 25µm away from the top of the wafer
the radiation pattern displayed in Figure 2.15b is obtained. In that case
the radiation pattern is not symmetric any more and depending on the
frequency more power is radiated through z > 0 or z < 0.
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Figure 2.14: Radiation patterns of a vertical Hertzian dipole inside a
350 µm GaAs substrate for different frequencies. (a) Dipole in the middle
of the wafer and (b) Dipole at 25 µm from the upper part of the wafer.
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Figure 2.15: Radiation patterns of a horizontal Hertzian dipole inside a
350 µm GaAs substrate for different frequencies. (a) Dipole in the middle
of the wafer and (b) Dipole at 25 µm from the upper part of the wafer.
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Another key issue is to calculate the amount of power that is radiated
outside the wafer and how much power is retained inside it thus reducing
the radiation efficiency. In Figure 2.16a radiated power normalized to the
embedded dipole in GaAs case is depicted over frequency. It can be seen
that the radiated power of the horizontal dipole is much higher than for
the vertical dipole (in the plot the radiated power for the vertical dipole
is multiplied by a factor of 20 to have a friendlier picture). This is due
to the fact that vertical position of the dipole makes it easier to excite
a guided dielectric mode, thus reducing the radiated amount of power.
In addition, there are certain frequencies at which the radiated power
is much higher than others. Here is where the Fabry-Perot behaviour
can be appreciated. Those radiated power peaks are separated 240 GHz
approximately (λ ≈ 350µm when considering GaAs) and alternate max-
ima with minima every 120 GHz approximately (λ/2 ≈ 175µm when
considering GaAs). The obtained results are exactly the same as the
ones predicted by Brueck on his paper related to the radiation pattern
of dipoles embedded in a dielectric slab [7].
The radiation patterns of both horizontal and vertical Hertzian di-
poles when placed in the middle of a 350µm GaAs wafer are depicted
in Figures 2.16b−2.16e at 4 different frequencies. The figures 2.16b and
2.16d represent the radiation pattern at 486 GHz and 605 GHz for the
horizontal and vertical dipoles respectively. These frequencies corre-
spond to two of the peaks in the radiated power of the figure 2.16a. In
the figures 2.16c and 2.16e the radiation pattern normalized to previ-
ous ones at 600 GHz and 470 GHz for the horizontal and vertical dipole
are depicted. These frequencies correspond to two of the minima in the
radiated power of Figure 2.16a. It can be seen how the radiation pat-
tern significantly change from a maximum to a minimum in the radiated
power due to the fact that less power is radiated and more power remains
inside the wafer.
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Figure 2.16: Fabry-Perot behaviour on the radiation pattern.
(a) Normalized radiated power to the embedded dipole case (r = 12.9)
for an horizontal (red line) and vertical (blue line) Hertzian dipoles lying
in the middle of a 350 µm GaAs wafer as a function of frequency.
(b) Horizontal dipole at 486 GHz and (c) 600 GHz normalized to the
486 GHz case. (d) Vertical dipole at 605 GHz and (c) 470 GHz
normalized to the 605 GHz case.
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2.4 Anomalies in the Radiation Pattern
Several approaches have been done for solving the problem of calcu-
lating the emitted power and the radiation pattern of dipoles and slots
laying on the interface between two media as mentioned in the above sec-
tions [1–6]. However, in spite of that all of them present pretty similar
results based on the use of MoM [1] or by using rigorous mathemati-
cal methodology theory [4–6], there exists a problem in the radiation
pattern. The radiation pattern from a dipole laying on the interface of
two media presents some potential singularities that are discussed in this
section and, up to the author knowledge, there is no explanation in the
literature for them.
If one tries to give an explanation to the radiation patterns shown
before (Sections 2.2.1 and 2.2.2), it is possible to extract some interesting
conclusions. As it is well explained by Pozar, Brewitt-Taylor and Rut-
ledge in their excellent papers [1–3], for the dipole, the H-plane pattern in
the dielectric has a maximum at the critical angle θc = pi−sin−1 (1/√r)
whereas the E-plane pattern has a minimum there. Both patterns have
a null at the interface except the H-plane pattern for r = r1/r2 =
1.0, as discussed by Rutledge et al. [2]. A maximum and/or minimum
at the critical angle does not occur for slot antennas because the con-
ducting plane effectively isolates the two media, as it is well explained
by Pozar [1].
However, it is interesting to have a look at the maximum of the
radiation patterns. If we take again the results from Sections 2.2.1 and
2.2.2, we can plot the two cases, vertical and horizontal dipoles, on the
interface between two media with relative refractive index n = n1/n2 =√
12.9 and air in rectangular coordinates (Figure 2.17).
If we apply a well-known theorem from Signal Theory (Bernstein’s
theorem) with direct application to Antenna Theory (as it is well ex-
plained in the book [17]), it can be found that if F1 is an upper limit of
the radiation function F (τ), being τ = sin(θ), and D the dimension of
the aperture, and supposing that the radiation pattern F (τ) possesses
a bounded spectrum (−ν0, +ν0), it follows from Bernstein’s theorem
that the relative slope of the pattern is limited by the spatial frequency
bandwidth of the antenna:
1
F1
dF
dτ
≤ 2piν0 = piD
λ
(2.1)
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Figure 2.17: Radiation pattern of a dipole at the interface. Relative
refractive index n =
√
12.9. (a) Horizontal dipole H-plane, (b) Vertical
dipole E-plane
The slope limitation plays an important role, such as with the angular
sensitivity of tracking antennas. This is also the case with radar antennas
where it is desired that the gain falls rapidly to zero below the horizon
to avoid ground clutter. More generally, Bernstein’s theorem implies a
limit to all derivatives of bounded signals with bounded spectra:
1
F1
F (n) (τ) ≤ (2piν0)n (2.2)
So, it is possible to deduce a relationship between the dimension D of
the aperture and the HPBW of the main lobe of the radiation pattern.
This, easily manipulated, implies the Rayleigh limit for the accuracy
resolution in far field.
Calculating the derivative of the radiation pattern of a dipole (hori-
zontal and vertical) lying above a semi-infinite medium from Figure 2.17
results the Figure 2.18. In any event, the result of Bernstein’s theo-
rem says that the first derivative is bounded, which could be right for
our pattern of interest since this pattern has a slope discontinuity, but
the slopes are finite. But then the second derivative of the pattern vs.
angle will be infinite at the point of the slope discontinuity, and so Bern-
stein’s theorem will not be satisfied. So if these results apply to any size
antenna, the patterns we are looking at seem to violate this theorem.
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Figure 2.18: First derivative from the radiation pattern of a dipole at
the interface. Relative refractive index n =
√
12.9. (a) Horizontal dipole
H-plane and (b) Vertical dipole E-plane.
An alternative argument is that the far-field cannot have a slope
discontinuity because the field must satisfy Maxwell’s equations (in the
far-field), and taking the curl of an E-field with a slope discontinuity will
produce a step function in H, and doing a curl on H to find E would
lead to a delta function, etc. - which is clearly incorrect.
This discontinuity in the H-plane pattern occurs because the Sta-
tionary Phase (SP) approximation (which has been used to derive the
far-field expressions in most of the references) breaks down at the criti-
cal angle. The SP method, in simple form, has an integrand of the form
F (x)e−jkf(x)dx where F (x) is assumed to have a well-behaved phase
near the stationary point. Examination of the integrand for the half-
space problem, however, shows that F (x) goes from real to complex at
the critical angle, thus violating this assumption, and producing the non-
physical change in slope. The problem apparently is with the application
of the stationary phase method.
This anomaly in the radiation pattern studied in this section is also
presented in many other antenna structures, as can be read in [18]. So,
care in the application of the SP method should be taken into account.
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2.5 Dielectric Lenses as Substrate for Antennas
A way of designing millimetre and sub-millimetre hyper-hemispheri-
cal dielectric lens antennas is presented in this section. This approach
consists of obtaining the radiated fields of a planar antenna via a full-
wave electromagnetic simulator (CST [14], FEKO [13], etc.) or in-house
software (as the one used in previous sections) and using them as inputs
to a ray tracing and Physical Optics (PO) technique. This approximation
reduces the overall computing time and resources, as well as makes it
possible to design a wide variety of different lens antennas. Across the
section, the obtained results are compared with those previously reported
by different authors in order to validate the program.
2.5.1 Hyper-Hemispherical Dielectric Lenses
Dielectric lenses have been one of the most used elements in the mil-
limetre and the sub-millimetre frequency range as substrate for planar
antennas. With such substrate, radiation pattern of planar antennas is
improved since the directivity is increased as well as gaussicity, while
back radiation is reduced [2, 19]. As mentioned before, at these fre-
quencies, available substrates are too thick in terms of the wavelength.
This results on an increase of the losses due to the fact that unwanted
modes are generated inside the substrate [20] as it has been showed in
the above sections. Using a dielectric lens as substrate, these modes are
not generated because of the lens geometry.
Ideal shape of a dielectric lens is the ellipsoidal one [21,22]. However,
it is very difficult to manufacture, so using it is not practical. An elliptical
lens can be approximated by an extended hemispherical one [19] (Fig-
ure 2.19) or a hyper-hemispherical one (basically a truncated sphere),
which are much easier to fabricate. These two characteristics make them
the most used kind of lenses. Both extended hemispherical and hyper-
hemispherical lenses behave in a similar manner and the methodology
explained here is valid for both kind of lenses.
In order to design this kind of lenses, the computational strength
of current full-wave electromagnetic simulators (CST [14], HFSS [23],
FEKO [13], ...) is combined with ray tracing techniques and conventional
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Figure 2.19: Extended hemispherical dielectric lens geometry.
PO. The problem of designing planar antennas with dielectric lenses is
that dimensions of dielectric lenses are in the order of several wavelengths
(7λ ∼ 15λ), while typically planar antennas are smaller than λ. For that
reason, simulating the whole structure (planar antenna + dielectric lens)
will take a lot of time and, in some cases, the amount of computational
resources needed will exceed the available ones.
2.5.2 Lens Design
A planar antenna placed over a high permittivity substrate radiates
most of the power into it (as has been showed in Section 2.2), so an unidi-
rectional radiation pattern is obtained [19]. An extended hemispherical
geometry is used for the dielectric lens since it can approximate the el-
liptical lens behaviour and it is easier to manufacture. Such geometry
can be seen on Figure 2.19.
The dielectric lens consists of a hemisphere with radius R and a
cylindrical block with length L. Planar antenna is placed on the bottom
of the lens with a displacement dx, dy from the axis origin.
The dielectric extended hemispherical lenses satisfy sine condition,
which guarantees circular coma absence, and they do not have circular
aberrations. This implies that if an optical system is designed in such a
way that all rays are focused to a point, an extended hemispherical lens
can be included in the system and the rays will be focused to the same
point [19].
68
2.5. LENSES
With this lens, the directivity of the planar antenna is increased
and the radiation pattern fits well to a Gaussian beam system. The
most influential parameter on the system directivity is the length of the
cylindrical block (L) as will be shown in the next subsection. This is
due to the fact that the antenna must be placed at the focus of the lens,
but in this case the lens is hemispherical so a cylindrical block must be
included to place the antenna in the focus of the equivalent elliptical
lens.
2.5.3 Methodology Description
The methodology followed for the design of planar antennas over di-
electric extended hemispherical lens can be divided in two parts. The
first one consists of designing the planar antenna on a commercial full-
wave electromagnetic simulator (CST [14], FEKO [13], . . .) or in-house
software (as the one used in the previous sections). To do so, the an-
tenna is placed over a semi-infinite dielectric substrate with the same
permittivity of the lens. With this simulation, the radiated fields are
obtained as a function of spherical coordinates θ and φ.
Once the radiated fields are obtained, a ray tracing technique is car-
ried out from a point (antenna position) with the same direction as
the propagation one. The lens geometry can be divided into four parts
(Figure 2.20, [24]). The first one (Figure 2.20a) is limited by the total
reflection angle. In this region both transmitted and reflected waves ap-
pear and it is the main part contributing to the radiation pattern of the
lens. In the developed software, this region is the only one considered to
obtain the radiation pattern. The second region (Figure 2.20b) is the one
between the critical angle and the end of the hemisphere. Here no trans-
mitted waves appear since the incident angle is higher than the critical
one and all the incident waves are reflected. Evanescent waves appear
outside the lens that do not contribute to the radiated field. The third
region (Figure 2.20c) is limited by the end of the hemisphere and the
critical angle in the slab. In this region, the incident angle is higher than
the critical angle, so only reflected waves appear. Even lower evanescent
waves appear outside the lens when comparing with the second region
because directive antennas are used. The contribution to the far field
calculation can be neglected. Finally, the fourth region (Figure 2.20d)
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(a) (b) (c) (d)
Figure 2.20: Regions into which the extended hemispherical lens can be
divided. (a) Spherical region where transmitted and reflected rays
appear, (b) Spherical region where total reflection occurs, (c) Planar
region where total reflection occurs and (d) Planar region where
transmitted and reflected rays appear.
is limited by the critical angle in the slab and the end of it (both trans-
mitted and reflected waves). In this part, the lowest radiation intensity
of the antenna is obtained and the contribution to the far field can also
be neglected. Reflected rays among the different regions can be reflected
again and impinge on the lens-air interface, thus contributing to the
generated final field, but its contribution will be of low significance [25].
After that, PO is applied to generate the currents in the surface of
the first region of the lens (Figure 2.20a). Finally, the radiation pattern
generated by those currents is obtained. Steps to do this second part are
the following.
The first one is to decompose electric and magnetic field in TE and
TM components in the lens-air interface using the formulas of the reflec-
tion and transmission coefficients when a wave impinges on a dielectric
with permittivity r [26]:
ΓTE =
√
r cos θi −
√
1− r sin2 θi√
r cos θi +
√
1− r sin2 θi
(2.3)
τTE = 1 + ΓTE (2.4)
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ΓTM =
√
r cos θi
√
1− r sin2 θi − cos θi√
r cos θi
√
1− r sin2 θi + cos θi
(2.5)
τTM = (1 + ΓTM )
cos θi√
1− r sin2 θi
(2.6)
where r is the dielectric constant of the lens material, θi is the in-
cidence angle with respect to the normal lens surface, and Γ and τ are
TE and TM reflection and transmission coefficients.
Once the electric and magnetic fields have been defined (primary
fields), the electric (Js) and magnetic (Ms) current densities are obtained
outside the lens surface [26]:
Js = nˆ×H (2.7)
Ms = −nˆ×E (2.8)
where nˆ is the normalized normal vector to the interface.
From this magnetic and electric density currents, θ and φ components
of the electric field in far-field are calculated [26]:
Eθ ∼= − ke
−kr
4pir
(Lφ + µNθ) (2.9)
Eφ ∼= + ke
−kr
4pir
(Lθ + µNφ) ... (2.10)
where N and L are the radiation vectors defined by [26]:
N =
∫∫
s′
Jse
kr′ cosψds′ (2.11)
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L =
∫∫
s′
Mse
kr′ cosψds′ (2.12)
where s′ is the external surface of the lens, r′ is the distance from
the origin to where the equivalent magnetic and electric density currents
are calculated, r is the distance from the origin to the observation point
and ψ is the angle between r and r′.
2.5.4 Results
For the lens design program development, MATLAB has been used
as programming tool and a simple Graphical User Interface (GUI) has
been designed (Figure 2.21). Input parameters to such GUI are lens
dimensions, working frequency, lens permittivity, antenna position and
data file with simulated radiated primary fields. 3D and 2D radiation
patterns are obtained, as well as beamwidth and directivity.
Figure 2.21: GUI of the developed program.
In order to check the correct operation of the program several sim-
ulations have been carried out and results are compared with different
published papers.
The first one is a log-spiral planar antenna working at 600 GHz. An
antenna with the same dimensions as the one in [27] was designed in CST
Microwave Studio [14] over semi-infinite silicon substrate. The obtained
radiated fields were used as input parameter to the developed program
and a silicon (r = 11.7) extended hemispherical lens with dimensions
R = 6.35 mm and L = 2.4 mm was designed. Figure 2.22 shows the ob-
tained results. A 10 dB beamwidth of 2.22◦ and a directivity of 35.85 dB
were obtained, which are identical results to the ones obtained in [27].
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Figure 2.22: 600 GHz log-spiral antenna with silicon extended
hemispherical lens. (a) Radiation pattern at φ = 0 and φ = 90◦ and (b)
Radiation pattern as a function of θ angle.
A second demonstration of the operation of the program was carried
out by comparing results obtained in [19]. In this case, a double-slot
antenna working at 246 GHz is used as feeding element. A silicon (r
= 11.7) extended hemispherical lens with a radius of 6.85 mm was used.
Directivity variation as a function of the length of the cylindrical block
(L) is plotted in Figure 2.23.
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Figure 2.23: 246 GHz double-slot antenna. Directivity as a function of
the slab length (L).
Obtained results are pretty similar to the ones presented in [19], and
it can be noticed how the slab length (L) affects dramatically the overall
system directivity.
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Figure 2.24: (a) Comparison with [28]. Directivity vs. frequency.
Continuous line represents the simulated results while dashed line
represents the results obtained by authors in [28]. Blue lines are the
bow-tie case, red lines are Auston switch case and black line is the
maximum achievable directivity. (b) Simulated radiation pattern
obtained for the Bow Tie at 510 GHz.
In both examples showed above, CST Microwave Studio [14] was
used to obtain the primary fields and obtained results fit pretty well
with the predicted ones. However, it has been observed that sometimes
the obtained results are not the expected ones with this software. While
trying to validate the results obtained in [28] some uncertainties arise.
In that paper, authors simulate two well-known antennas (bow-tie and
Auston switch) with CST Microwave Studio over semi-infinite silicon
substrate in the frequency range 100 GHz - 2000 GHz. With the obtained
primary fields, then the radiation pattern when using a silicon lens with
5 mm radius and 1.55 mm slab length (L) is obtained. In the Figure
2.24a, with dashed lines, the directivity of the same bow-tie and Austin
switch obtained via CST [14] + developed software are depicted. Results
are mainly the same as the ones presented by authors [28]. On the other
hand, when the exact Green’s function of a semi-infinite substrate is used
(FEKO [13] instead of CST [14]), continuous lines in Figure 2.24a are
obtained. It can be seen that a null in broadside direction is obtained at
510 GHz (Figure 2.24b) that is not contemplated when using CST [14] as
the electromagnetic software to obtain the primary fields. These results
were reported in [15] and a discussion on the topic is now open. It seems
that CST [14] makes a good approximation on obtaining the far-field
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when an antenna is placed over a semi-infinite medium, but not enough
accurate in some cases. FEKO [13] (Green’s function and MoM) obtains
the exact radiation pattern of an antenna placed over a semi-infinite
medium, so it seems to be a more suitable option when dealing with
these topologies.
2.6 Conclusions
In this chapter, the radiation pattern of planar antennas at THz and
sub-THz frequencies has been analysed. At THz/sub-THz frequencies,
available substrates are very thick in terms of the wavelength, which
dramatically affects the radiation pattern of planar antennas. To analyse
such radiation patterns, both analytical and MoM based solutions have
been derived for the most elementary antenna, the Hertzian dipole.
First, an approximation that consists of considering that the sub-
strate has semi-infinite thickness has been done. Radiation pattern re-
sults of both vertical and horizontal Hertzian dipoles lying on the inter-
face between two semi-infinite media have been obtained. It has been
shown that most of the power is radiated through the substrate and a
maximum appears, in both cases, at the critical angle. This maximum
depends only on the relationship between the refraction index of both
media considered (normally vacuum and another substrate) and if the
dipole is moved away from the interface this maximum does not change.
Secondly, finite thickness substrate is considered and results were
compared with the semi-infinite case. As an example, typical 350µm
GaAs wafer has been considered. The radiation pattern of both vertical
and horizontal Hertzian dipoles lying on the top of the wafer have been
obtained and the results are different than the ones obtained with semi-
infinite substrate. The first difference is that now results depend on
frequency. That is clear since in terms of the wavelength the substrate
has different thickness. The second difference is that the maximum that
appears in the semi-infinite case does not appear any more. And the
third main difference is that, at least for the vertical dipole case, now
most of the power is not radiated through the substrate. So considering
semi-infinite substrate approximation is a good option in some cases
(dielectric lens) but is not accurate and practical in most of them.
75
CHAPTER 2. PLANAR ANTENNAS
The next step was to include the dipole inside the wafer and analyse
its radiation pattern. This case is suitable for CMOS integrated chips
or LAEs (Section 3.3). The same GaAs 350µm wafer was considered
and both vertical and horizontal Hertzian dipoles were analysed. It has
been shown that the radiation pattern is completely different as the ones
obtained previously and depending on the position where the dipole is
placed inside the wafer more power is radiated to the bottom side or
to the top one. Also, the amount of power that is effectively radiated
outside of the wafer is obtained. When placing a dipole inside a dielectric
medium, substrate modes can be excited and most of the power can be
kept inside the dielectric. A dipole lying in the middle of a 350µm GaAs
wafer has been simulated and the radiated power outside the wafer has
been obtained. It is shown that a Fabry-Perot behaviour appears, with
maxima in the radiated power at certain frequencies and minima at
others (λ/4 separation between maximum and minimum). Much more
power is radiated when an horizontal dipole is considered compared to
the vertical one. This is due to the fact that vertical dipole excites
substrate modes more easily because of its vertical electric field. So,
when dealing with antennas placed inside a dielectric medium, not only
the radiation pattern must be correctly obtained but also the amount of
power that is effectively radiated has to be taken into account.
One of the main contributions of this chapter was to analyse what
happens in the radiation patterns of dipoles lying over a semi-infinite
substrate. As it is shown in Section 2.2, a sharp peak appears in the
maximum of the radiation pattern. It has been showed in Section 2.4
why this sharp peak is physically meaningless applying the Bernstein’s
theorem. The origin of these anomalies in the radiation patterns is due
to the SP approximation (which has been used to derive the far-field
expressions in most of the references) that breaks down at the critical
angle.
Finally, the other main contribution of this chapter was to develop
a program which is capable of obtaining the radiation pattern of a pla-
nar antenna placed over a dielectric extended hemispherical lens. The
program makes use of the potential of commercially available full-wave
electromagnetic softwares and PO/ray-tracing techniques. First, radia-
tion pattern of a planar antenna lying over semi-infinite substrate was
obtained via CST, FEKO, . . ., and then, the lens is divided into four
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regions and currents generated in the lens surface are obtained. Finally,
the radiation pattern generated by those currents is calculated. With
this method, the radiation pattern of a planar antenna placed over a
dielectric extended hemispherical lens can be easily obtained and the
amount of computational resources, as well as computational time, are
drastically reduced. The obtained results were compared with some re-
sults available in the literature and which electromagnetic software is
better to be used as the one to obtain the primary fields is discussed. It
was shown that CST makes a good approximation and is valid in most
of the cases, but FEKO solves the problem with the exact solution since
it makes use of the Green’s function of a semi-infinite medium.
Both MoM based and dielectric lens developed softwares are the key
tools to analyse radiation patterns in Chapters 3 and 4 of this Ph.D.
dissertation.
This chapter of the thesis has led to the publication of a JCR jour-
nal paper (first quartile) and a book chapter as well as a conference
contribution (see Publications section at the end of this document).
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CHAPTER 3
THZ EMITTERS. PHOTOMIXERS AND
LARGE AREA EMITTERS
This chapter is devoted to THz emitters and two approaches to in-
crease the THz emitted power are presented. The first one is a CW
THz Antenna Emitter (AE) photomixing scheme, where an antenna is
designed in such a way that the emitted power is maximized and the
overall emitter is simplified because the typical RF choke is eliminated.
The second approach is an antenna-free scheme of photomixing where
the THz radiation is directly originated from the acceleration of photo-
induced charge carriers generated within a large semiconductor area.
This is called LAE and the work developed here consists of designing
an electromagnetic equivalent circuit based on infinitesimal dipoles to
estimate its the radiation pattern.
The chapter is organized in three sections. In the first one, a brief
introduction on THz/sub-THz emitters is done. The main parameters
of such emitters are introduced and a classification of them is presented.
The second section is devoted to CW THz photomixing AE while in the
third section the LAE concept is discussed and a Hertzian dipoles based
equivalent circuit is presented.
CHAPTER 3. THZ EMITTERS
3.1 Introduction to THz Emitters
Maximizing THz emitted power is one of the hot topics in the elec-
tronic and photonic communities nowadays [1]. THz waves have been
presented as one of the most promising research lines due to its unique
capabilities. Extremely short pulses can be generated, which are capable
of obtaining high spatial resolutions, going across light opaque materials
and visualizing and identifying microscopic structures by spectral analy-
sis. As mentioned in Chapter 1, THz waves can find a lot of applications
that range from radioastronomy to imaging, security, biomedical, indus-
trial, etc [1]. However, the low amount of power that current devices can
generate at these frequencies is the main drawback that these applica-
tions find to be developed, so increasing this power is a key issue [2].
Two main approaches are being followed nowadays to generate THz
waves at room temperature [1]. The first one is a purely electronic
approach based on up-conversion [3] while the second one consists on
electro-optical down-conversion (“photomixing”) [4]. In addition, direct
quantum mechanical frequency generation (QCLs [5]) is a well estab-
lished THz source. Unfortunately, nowadays it cannot work at room
temperature. Another interesting approach to generate THz CW power
is the LAE concept [6]. This is an antenna-free new scheme of photomix-
ing where the THz radiation is directly originated from the acceleration
of photo-induced charge carriers generated within a large semiconductor
area. This concept will be expanded on Section 3.3. In the Figure 3.1 the
so-called “THz Gap” is depicted. It can be seen how as we move from
microwave frequencies to THz frequencies the emitted power of available
THz sources decreases. The same happens when the approach is made
from optical frequencies down to THz frequencies. This lack of available
THz sources with enough power is, perhaps, the main drawback of THz
waves.
In this chapter introduction, main parameters of THz emitters are
presented and briefly described, and then a classification of THz emitters
is included.
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Figure 3.1: The “THz Gap”. Main THz sources and its output
power [7].
3.1.1 Emitter Parameters
Among the different parameters that can be defined for an emitter
performance, the most important ones are the following:
Pulsed/CW operation A power generator can emit either pulsed or
CW radiation (or both). In this work we will focus on CW operation,
but there exists a lot of devices and applications where pulsed radiation
is important (THz TDS [8], THz Imaging for security [9] and biomedical
applications [10], etc.).
Maximum Power This parameter represents the maximum output
power demonstrated for a given technology. It is strongly related to the
working frequency and, when mentioning the maximum output power of
an emitter, it is important to highlight at which frequency this value is
measured. In the Figure 3.1 the output power of most of the available
THz sources is depicted.
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Frequency Range Frequency range in which it is possible to generate
signals within a minimum performance. Depending on the technology
used devices will work better at frequencies closer to optical ones or
closer to microwave ones.
Tunability This parameter represents if the working frequency can be
easily changed or if the emitter works at a fixed frequency.
Phase Noise Phase Noise is the frequency domain representation of
rapid, short-term, random fluctuations in the phase of a waveform,
caused by time domain instabilities. The lower this value is, the bet-
ter performance the device has.
Size This is a very important parameter since a lot of THz emitters
occupy a large space and need of external devices such as coolers to work
properly. If a compact emitter is needed, size must be a key parameter.
Coherent/Incoherent Coherent sources are defined as those having a
significant degree of both temporal and spatial coherence in the gener-
ated signals.
Cooling Some THz emitters need to be cooled in order to work prop-
erly. Room temperature operation is defined for those systems where no
cooling is needed.
3.1.2 Classification of THz Emitters
In this section a classification of CW THz/sub-THz sources is in-
cluded [11–13]. THz/sub-THz emitters are divided into three categories.
First one includes the direct emitters or oscillators; second one includes
the generation of THz/sub-THz signals by downconversion from opti-
cal ones; and third category includes the devices capable of generate
THz/sub-THz signals by upconversion of electronic signals.
Direct/Oscillators
Among the available direct THz generators or THz oscillators it must
be differentiated between thermal sources, gas lasers, bulk semiconductor
lasers, QCLs, electron beam sources, electronic diode oscillators and
plasmonic FET. All of them are explained within this subsection.
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Thermal Sources
Thermal THz sources include the globar and the plasma sources.
Globar A Globar, or glowing bar, is a silicon carbide rod heated to
about 1500 K by passing an electric current through it [11]. This rod
is typically 20 mm - 60 mm long and 5 mm in diameter, capped with
metallic electrodes contained in water-cooled housing with a slit to allow
light out with the angular spread required for spectroscopy [13]. Its
relatively uniform output is advantageous for spectroscopy, but its lower
working frequency is 3 THz.
Plasma Sources Two different devices can be included in this plasma
sources group: mercury arc lamps and metal halide lamps. They are
incoherent sources that have an emission spectrum similar to that of the
Blackbody. A mercury arc lamp is a broadband THz light source that
emits a continuous THz spectrum from 300 GHz to 30 THz. The lamp
consumes 125 W and requires water-cooling. Its output is a combina-
tion of the emission of the arc itself, which is at 5000 K, and the quartz
envelope that reaches 1000 K. Metal halide lamp has an approximately
spherical diameter of 3 mm and consumes only 21 W and a surface tem-
perature of nearly 1400 K. It is more suitable where a small source size
is required [13].
(a) (b) (c)
Figure 3.2: (a) Globar, (b) Mercury Arc Lamp and (c) Metal Halide
Lamp.
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Gas Lasers
The gas lasers emitting at THz frequencies can be divided into two
groups: Electrically excited and Optically excited gas lasers.
Electrically Excited Gas Lasers The THz emission in electrically
excited gas lasers is due to the population inversion between rotational
levels of vibrational states of the gas compounds, achieved by the electric
excitation of the gas tubes. H2O, D2O, NH3, Carbonyl Sulfide (OCS),
H2S, SO2, Deuterium Cyanide (DCN) and Hydrogen Cyanide (HCN) are
the typical gases employed, but among them, only DCN and HCN are
useful sources (1 THz - 1.5 THz, ∼ 600 mW for a 6.5 m long laser [14]).
A schematic of it can be seen on the Figure 3.3. H2O gas lasers have a
huge emission range from 1 THz - 40 THz, but their very limited power
makes them impractical sources [13].
Figure 3.3: Design of a HCN or DCN laser [13].
Optically Excited Gas Lasers In an optically excited gas laser, the
vibrational states of the molecules are achieved by optical pump, usually
a CO2 laser. The gas lasers pumped by a CO2 laser have been the main
CW sources above 0.3 THz for many years. They need stabilization
of both power and frequency. Today, they are still used, especially in
radioastronomy and fusion plasma diagnostics applications, and they
cover the frequency range from 0.15 THz to 8 THz with an output power
ranging from several µW up to several 100 mW [13,15].
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Bulk Semiconductor Lasers
This type of lasers is widely used in the visible region (data storage
in CD and DVD players, telecommunications, etc.). They consist of a
p-doped/n-doped junction and use direct band gap transitions in GaAs,
InGaAs, etc. Due to electron-hole recombination, photons are emit-
ted. The problem arise when working at THz frequencies, because this
mechanism cannot be used due to the smallest direct band gaps in semi-
conductor materials are found to be at higher frequencies than 18 THz.
However, with special mechanisms in bulk semiconductors laser action
can be supported [13]. There exist two main types of bulk semiconductor
lasers: Germanium lasers and Donors in doped Silicon.
Germanium Lasers By applying crossed magnetic and electric fields
in p-doped Germanium, a population inversion is created between heavy
and light holes and amplification and laser action occurs over a wide fre-
quency range. Ge lasers have a broadband multi-mode emission, which
is tunable in the range from 1 THz to beyond 4 THz by the applied fields.
The linewidth is less than 1 MHz [13,16].
Optically Excited Donors in Doped Silicon Population inversion
and laser emission is obtained by doping Silicon with group V impurities.
This population inversion can be achieved either by optical excitation
with radiation from a CO2 laser or by resonant optical excitation with
radiation from a Free Electron Laser (FEL). Typically, these lasers are
small square-shaped crystals with a length of a few millimetres, which
need to be cooled to below 30 K. Laser transitions occur from 2.5 THz
to 7 THz, with additional ones in the 1 THz to 2 THz range [13,17].
Quantum Cascade Lasers
In a QCL, an electron is injected into the laser structure and cascades
down a potential staircase, which is created by a series of quantum wells
exposed to an electric field. At each step, a photon is emitted. QCLs
are unipolar devices, only electrons take part in the laser process. In
addition, the whole laser process occurs between conduction band states
and a cascading scheme is employed where one electron can generate
many photons [13, 18]. The lowest working frequencies of these devices
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is 0.8 THz while the highest one is around 5 THz. They are very narrow-
band devices (∼ 10 GHz) and need to be cooled (maximum temperature
∼ 130 K). The output power that can be reached goes up to 140 mW [13].
Electron Beam Sources
Backward Wave Oscillator BWO working principle is similar to the
“travelling wave amplifier” mechanism. The BWO is formed by a very
sophisticated high vacuum diode whose cathode, which is warmed by a
low voltage heater, emits electrons that are accelerated by a high voltage
field and travel towards the anode. The electrons are collimated by a very
uniform magnetic field and pass over a comb-like slow-wave structure to
produce the required bunching for the transfer of the kinetic energy of
the electrons to an electromagnetic wave. The working frequency of
the BWOs is ∼ 150 GHz to ∼ 1.4 THz, with an output power ranging
from 100 mW to 1 mW in that frequency range. The major advantage of
BWOs is their tunability because the output frequency is approximately
proportional to the square root of the voltage across the tube [13,19].
Figure 3.4: Design of a high frequency BWO [13].
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Electronic Diode Oscillators
These sources are based on microwave frequency diode oscillators that
are designed and implemented for higher frequency operation. Between
the variety of topologies based on diodes that have been reported, it can
be mentioned: Gunn diodes [20], Impact Ionization Avalanche Transit-
Time (IMPATT) diodes [21], Tunnel Injection Transit-Time (TUNNETT)
diodes [22] or Resonant Tunnelling Diodes (RTDs) [23,24], being RTDs
the most promising technology nowadays for the direct generation of THz
signals below 1 THz - 2 THz. Gunn and IMPATT diodes can work up
to 140 GHz (480 GHz using harmonics [21]) and provide around 30 mW
at 100 GHz. TUNNETT diodes has been proven to work up to 706 GHz
with very low output power (0.1 nW) [22]. RTD diodes can provide
around 10 µW at 1 THz [23,24].
Plasmonic Field-Effect Transistors
Although the electron decay time of FETs has been traditionally
the limit factor of the maximum frequency of these devices, in the last
years the identification of operation well above the theoretical band-
width has produced a significant research effort in the use of FETs for
both generation and detection of THz waves. In order to achieve 1 THz
and above operation, plasmonic operation has to be produced in the de-
vice, thus requiring extremely short gate dimensions or cryogenic cooling.
Nevertheless, detection has a much better performance (even better than
widely used solutions) and offers a much higher potential than generation
(see Section 4.1.2). The High Electron Mobility Transistors (HEMTs)
are one of the FETs with more potential. They include a heterojunc-
tion of two materials with different bandgap and are mainly based on
GaAs, InGaAs and InP materials. The main application field of HEMTs
is as amplifiers in Monolithic Microwave Integrated Circuitss (MMICs),
where they have shown gain capabilities from microwave region up to
480 GHz, with some predictions of operation above 1 THz. However,
they have been already used for THz generation [25] and detection [26].
They show broadband emission over several hundreds of GHz, up to
6.5 THz. In this broadband emission, there are some resonances due to
plasma wave excitations. In summary, their performance seems to be
more adequate for amplification (HEMTs) and detection rather than for
generation purposes.
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Optical Downconversion
Photomixing
Photomixing is nowadays one of the most commonly used system to
generate CW THz signals due to its broadband nature and its reason-
able output power. It consists of two lasers working at two different
frequencies ω1 and ω2 which are spatially overlapped to generate a ter-
ahertz beat-note. These lasers are then used to illuminate an ultra-fast
semi-conductor material (III-V family): Low-Temperature grown GaAs
(LT-GaAs), Schottky diode, Metal-Insulator-Metal (MIM) diode or pho-
todiodes. An applied electric field allows the conductivity variation to
be converted into a current which is radiated by a pair of antenna. The
frequency of this current is the difference between both laser frequencies
(ωTHz = ω1 − ω2) [4, 13]. The main characteristics of CW photomixing
are its broadband nature (0.1 THz - 5 THz), high tunability by changing
the frequency of one of the lasers (modifying either its current or its
temperature) and low conversion efficiency from the light into the THz
frequency range. This CW photomixing is explained in more detail on
Section 3.2.1.
Electronic Harmonic Generation
Generation based on electronic upconversion is carried out by using
Schottky multipliers. This is one of the most extended technologies for
sub-THz and THz generation, mainly due to the high performance they
can provide.
Schottky Multipliers
The harmonic generation of THz waves from a microwave source
reference is typically accomplished by SBD as they are currently the
best electronic multipliers at high frequencies. A chain of SBDs, used
as frequency doublers or triplers is used to multiply a reference signal
that is provided by microwave sources such as BWO, IMPATT or Gunn
diodes.
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They can be divided into two groups: varactors and varistors, the
latter ones provides higher frequency operation. The CW THz sources
based in SBDs are commercially available from a few years to now, being
the most widely used in several applications in the THz range. Their
main limitations are the low output power and its tunability range. The
latter is limited and determined by the bandwidth of the waveguides
employed. To overcome this and cover wide frequency ranges, several
multiplier chains covering different frequency ranges can be used. In [27],
authors obtained a 2.48 THz - 2.75 THz CW signal with more than 1µW
output power based on a multiplication chain and Schottky diodes.
3.2 Meander Dipole Antenna to Increase CW THz
Photomixing Emitted Power
A typical CW THz photomixing emitter consists on a semiconductor
device (photomixer), a planar antenna (broadband or resonant depend-
ing on the application) and a silicon hyper-hemispherical lens (Section
2.5) to increase directivity and avoid substrate waves [28]. Traditionally,
photomixing is used in broadband applications such as spectrometry
because of its high frequency tunability, so broadband antennas are pre-
ferred. However, it is also utilized as signal generator for Local Oscillator
(LO) on receivers [29]. In that case, a resonant antenna would be more
suitable.
In [30], the authors proposed a methodology to design resonant an-
tennas to increase output power. Photomixers have a relatively high
capacitive susceptance that is compensated with a RF choke. In addi-
tion, they exhibit a very low conductance value (typically lower than
(10 kΩ)−1), so a resonant antenna with a very high input impedance
at its resonance would be desirable. With this approach, at least two
components must be designed separately and then be joined together:
the RF choke and the antenna. Several attempts have been followed to
design antennas with a very high value of its input impedance at its res-
onance [30,31] to be included in CW THz photomixing devices. But all
of them include the RF choke to compensate the capacitive susceptance,
so the design of the overall structure is somehow complicated.
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In this section we propose for the first time the meander dipole an-
tenna [32] as a solution to compensate both the capacitive susceptance
and the conductance of the photomixer in a single element. The an-
tenna design approach is based on the Active Integrated Antenna (AIA)
concept [33, 34], in order to improve both matching and radiation effi-
ciencies. The novelty of this work is that we forced the meander dipole
antenna to work out of its main resonance, at lower frequencies, where
it exhibits a clearly inductive behaviour. The proposed antenna design
can be followed independently of the photomixer used and it consists on
trying to maximize the radiated power obtained from it.
This section is organized as follows. After a brief introduction, the
CW THz emitter structure is presented. The photomixer with its equiv-
alent circuit and its main parameters are shown. The following section
is devoted to meander dipole antenna and its behaviour. Matching, ra-
diation and total efficiencies are calculated and a final design working
at 1.05 THz is presented and compared with a similar log-periodic based
CW THz AE. Finally, both meander dipole and log-periodic are manu-
factured and performance of both of them is compared.
3.2.1 Introduction to CW THz Generation by
Photomixing
As outlined in the chapter introduction, in the traditional approach
for CW THz generation by photomixing a THz current is generated in a
semiconductor device using two heterodyned laser beams of photon en-
ergies h (ν0 ± νTHz/2) (with the same power, PL/2, and polarization),
differing in photon frequency by the THz frequency νTHz (being h the
Planck constant and ν0 the central frequency). As a first step, the het-
erodyned laser signal is absorbed on typical length scales shorter than
1 µm, i.e. much shorter than the THz wavelength. In the second step
the resulting photo-current is fed into an antenna, which then emits
THz radiation [4]. A typical schematic of the CW THz generation by
photomixing AE device can be seen on Figure 3.5.
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Figure 3.5: Schematic of the CW THz photomixing AE. Two optical
lasers impinge on the photomixer device which is integrated with an
antenna over GaAs substrate (green part). A silicon lens (blue part) is
included to avoid substrate reflections and increase directivity.
Photomixer Based Emitters State-of-the-Art
Four different CW THz photomixing schemes are the most used ones.
They are differentiated by the photomixer they used. The first one uses a
photoconductive material (typically LT-GaAs) as the non-linear element
to obtain the THz signal. The second one uses a Schottky diode as the
non-linear element while the third one uses a MIM diode. The last one
uses a photodiode as the non-linear element. They are described in this
section and state-of-the-art results are presented.
Figure 3.6: Output power of different photomixers [13].
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Low-Temperature-Grown Gallium Arsenide
This material provides a very short recombination time (∼ 0.2 ps),
which is very suitable for a fast response of the emitter material in the
THz regime. The material can therefore follow THz frequencies, which
allows the fabrication of THz detectors, mixers, and even THz emitters.
LT-GaAs photomixers work at wavelengths around 800 nm. At telecom-
munication wavelengths of 1550 nm GaAs becomes transparent, so other
materials such InP are needed [13].
Schottky Diodes
Schottky diodes can be used to generate THz signal by sideband
generation. When a Schottky diode is illuminated with radiation from
two sources, sidebands are generated. One source is a THz gas laser
operating at νTHz and emitting more than 10 mW of power. The other
is a microwave source operating at νMW . Schottky diode generates the
sideband frequencies νSB = νTHz ± mνMW with m = 1, 2, 3, . . .. One
problem is that laser radiation is emitted as well as reflected from the
Schottky diode, and most of the power in the emitted beam is at the
fundamental laser frequency. Almost the entire frequency range from
0.5 THz to 3 THz is accessible by sideband generation [13].
10.5µW have been obtained at 1.6 THz [35] and 55 µW at 1.6 THz
with a varactor Schottky diode [36].
Metal-Insulator-Metal Diodes
The mechanism of obtaining THz radiation is similar to the pho-
tomixing concept over photoconductors and photodiodes. Radiation of
two lasers operating in the IR or visible spectral region are mixed in a
nonlinear element: a MIM diode in this case. Although the nonlinearity
of the I-V curve of a MIM diode is much smaller than that of a Schottky
diode, it is a more efficient mixer at 10µm wavelength.
This configuration has proven operation up to 9.1 THz with an output
power in the order of 1µW [37].
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Photodiodes
Two different kinds of photodiodes can be used as THz signal genera-
tion: pin-PD and UTC-PD. Both of them are illuminated by two signals
from lasers working in the telecommunication wavelengths (1550 nm)
and frequency difference is the THz signal. While pin-PDs are capable
to provide several µW in the sub-THz band, UTC-PDs increase both the
operation frequency and the output power reaching 10µW at 1 THz [38].
3.2.2 Photomixer
In this section, the photomixer included in the designed AE is pre-
sented. In our particular design, an interdigitated LT-GaAs based pho-
tomixer is used as the non-linear device to generate the THz signal. It
consists of eight interdigitated fingers, with a finger gap = 1 µm, and
finger width = 200 nm. A Scanning Electron Microscope (SEM) photo-
graph of it can be seen on the Figure 3.7a. Following [30], the small-signal
equivalent circuit of the Figure 3.7b is obtained, with C = 2 fF being the
parasitic capacitance from the fringing fields between the 200 nm wide
fingers and G = (10 kΩ)−1 the conductance given by IDC/VDC . Also
the antenna admittance (Ya(ω)) is included in the equivalent circuit of
Figure 3.7b.
(a)
(b)
Figure 3.7: (a) SEM photograph of the interdigitated LT-GaAs
photomixer and (b) its equivalent circuit.
95
CHAPTER 3. THZ EMITTERS
3.2.3 Meander Dipole Antenna Design
From the antenna point of view only two parameters can be optimized
in order to maximize the THz emitted power: the radiation efficiency
(rad) and the matching efficiency (M). Matching efficiency is defined
with the M-factor given by [39]:
M =
4RaRp
(Ra +Rp)
2
+ (Xa +Xp)
2 (3.1)
where Za = Ra + Xa is the input impedance of the antenna and
Zp = Rp + Xp is the input impedance of the photomixer.
The antenna efficiency can then be defined as the product of these
two efficiencies and the polarization efficiency (pol) [40]:
ant = rad ·M · pol (3.2)
This efficiency expresses how far the system from the ideal behaviour
of the emitter is. Maximizing this efficiency will enhance the performance
of the emitter and it is the key factor that we have used to optimize the
design of the antenna. This design is based on the AIA concept ( [33,
34]) and tries to maximize the antenna efficiency as defined in Equation
3.2. In its design, both the matching and the radiation efficiency must
be considered. With the photomixer parameters mentioned before, the
input impedance (Zp (ω) = 1/Yp (ω) = 1/ (G+ ωC)) is found to be
0.57 − 75.8 at 1.05 THz, so an antenna with an input impedance of
0.57 + 75.8 at that frequency will maximize the Equation 3.1. This low
value of the real part and the relative high value of the imaginary part
are very difficult to be simultaneously obtained with a simple resonant
antenna.
Meander dipole antenna is similar to a dipole where its radiating
part is bent to a meander shape in order to reduce the antenna size [32].
An schematic of it with its main design parameters can be seen on Fig-
ure 3.8a. Traditionally, this antenna is used to reduce the antenna size
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Figure3.8:Meanderdipoleantenna:(a)Schematicandmaindesign
parameters.(b)Simulatedinputimpedanceofameandereddipole
antennaoversemi-infinitesiliconsubstratewithparameters:L=37µm,
w=3.5µm,d=2µm,D=105.5µmand9bendsperarm.
(antennaminiaturization)andinsystemsthatneedaveryhighvalue
oftheinputimpedance,sincethisantennaprovideshighervaluesof
inputimpedanceatitsresonance(Figure3.8a)thanλ-dipolesordual-
dipoles[32].IntheTHzregion,thisantennahasbeenusedunderthe
nameof“foldeddipole”toobtainaveryhighinputimpedance[41–44].
Thenoveltythatwehavepursuedinthepresentworkwiththemeander
dipoleantennarisesfromusingitoutofitsmainresonanceregion[34],as
atlowerfrequenciesthanitsresonanceitexhibitsalowrealpartandan
inductivebehaviour(showninFigure3.8b,frequencyrangefrom0.9THz
to1.3THz)suitableformatchingitwiththephotomixercapacitivebe-
haviour. Withsuchdesign,weexpecttoachieveaconjugatematching
betweentheantennaandthephotomixerwithoutanyadditionalele-
ment,increasingthematchingefficiency. Theantennawilshowthe
optimalinputimpedancetothephotomixer,soanAIAisobtained[33].
Accordingto[33,34],thisdesignphilosophywilimprovethesystempa-
rametersandthefigureofmeritoftheoveraltransmitter. Thissame
approachhasbeenalsofolowedin[45]withthedesignofamilimetre-
waveQOSBDreceiver(Section4.2ofthiswork). Unfortunately,the
mismatchobtainedwithabroadbandantennainthatcasewasnotthat
huge,solittleimprovementwasachieved.
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Parametric Study
In order to analyse the effect of each parameter on the antenna effi-
ciency, several simulations have been done and the results can be seen
on the Figure 3.9 and the Figure 3.10. To carry out simulations, full-
wave electromagnetic simulator CST Microwave Studio was used. Silicon
semi-infinite substrate was set as background material in order to reduce
computational time [31]. Both the matching and the radiation efficiency
are shown, as well as the antenna efficiency (Equation 3.2, assuming pol
= 1).
Some conclusions can be extracted from these simulations. L param-
eter changes the resonant frequency of the meander antenna: the higher
the value of L is the lower the resonant frequency is (larger size of the
antenna). In addition, the closer the lines of the meander dipole antenna
are (lower value of d), the lower the radiation efficiency is. This is due
to the fact that currents have opposite directions so they cancel each
other [32]. It is important to keep enough space between lines in order
to have a relatively high value of the radiation efficiency. Regarding the
number of bends, it has been noticed that for a number of bends higher
than 3 (total length of the dipole > 2λ), neither the input impedance
nor the radiation efficiency change significantly. Finally, w does not
have an important role in both efficiencies and can be kept constant on
optimization.
It is important to highlight that radiation efficiency keeps a rela-
tively high value up to frequencies lower than 2/3 of its main resonance
frequency. In all the above simulations, main resonance is located some-
where close to 1.5 THz (see Figure 3.8b) and our design frequency is
1.05 THz.
1.05 THz Prototype Design and Characterization
Finally, a prototype working at 1.05 THz as a LO for a radioastron-
omy heterodyne detector [29] was designed and manufactured. The main
parameters were L = 37 µm, w = 3.5 µm, d = 2 µm, D = 105.5 µm and
9 bends per arm (Figure 3.11a). Separation between the middle arm
and the following next (up or down) were fixed to 3.5µm to keep enough
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Figure3.9:Lvariation.(a)Matchingefficiency,(b)radiationefficiency
and(c)antennaefficiency.w=0.044λ,d=0.08λ.
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(a) (b)
Figure 3.11: Photograph of the manufactured (a) meander dipole and
(b) log-periodic antenna integrated with the LT-GaAs photomixer device.
space for the photomixer device. Simulated input impedance can be
seen on Figure 3.8b. With such antenna an antenna efficiency of 7.05 %
at 1.05 THz is estimated, with matching and radiation efficiencies equal
to 14.73 % and 47.83 % respectively. For the sake of comparison, a self-
complementary log-periodic antenna [40] was designed and its antenna
efficiency calculated. Its maximum and minimum dimensions are 200µm
and 10 µm respectively (Figure 3.11b). In contrast to the meander dipole
design, broadband antennas exhibit an almost constant impedance with
frequency (self-complementary antennas: 60pi/
√
r for the real part and
0 for the imaginary part [40]), so the improvement that can be achieved
in the matching efficiency is not significant. In this second AE, an an-
tenna efficiency of 1.73 % is estimated with matching efficiency equal
to 2.01 % and radiation efficiency equal to 86.03 %. Figure 3.12 shows
the simulated power improvement obtained with the meander dipole AE
given by meanderant /
log−per
ant . A 6 dB improvement at 1.05 THz is expected
with the meander dipole antenna.
Two AE, one with the meander dipole antenna and the other with
the log-periodic antenna were manufactured (Figure 3.11). In both of
them, the same photomixer structure (Section 3.2.1) and lens (10 mm
diameter hyperhemispherical high resistivity silicon lens) were used. It
is worth highlighting that the main challenge with the meander dipole
antenna is that it is a highly resonant antenna, so a small variation in
the manufacturing process or in the permittivity of the material would
change its performance.
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Figure 3.12: Emitted power improvement when comparing meander
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A typical CW THz photomixing measurements setup was utilized to
characterize the emitted power. It consists of two 850 nm lasers that illu-
minate the photomixer device. THz frequency is tuned and THz emitted
power is measured from 80 GHz up to 2 THz. The photomixer output
THz frequency depends on the frequency of the two lasers impinging
over it. In the measurements shown in the Figure 3.13, the frequency of
one of the lasers remains constant while the other is changed to obtain
the desired output THz frequency. This frequency change can be done
either by modifying the current or the temperature of the laser. The
THz radiation emitted by the antenna with the lens is, first, chopped
with an optical chopper and then beam focused with two parabolic mir-
rors. The THz signal impinges a diamond window Golay cell connected
to a lock-in amplifier which uses as the reference signal the chopper one.
The measured output power with both the meander and the log-periodic
AEs are shown in Figure 3.13.
It can be observed that at 1.1 THz a maximum in the emitted power
with the meander AE is obtained (0.26µW). If we compare both power
measurements (meander and log-per AE) the plot in Figure 3.12 is ob-
tained. A small shift from 1.05 THz to 1.1 THz can be appreciated but
the power improvement is approximately the same (6 dB). In addition,
the simulated quality factor (Q-factor) is 18.33, while the measured one
is 10.11. This Q-factor decrease is due to the fact that additional losses
not contemplated in the simulations such as losses in the silicon dielectric
are occurring.
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3.3 Large Area Emitters
This section is devoted to photomixing in LAEs. This antenna-free
approach is motivated by the attempt to overcome the power limitations
imposed on the conventional AEs [4,46] like the one presented in Section
3.2 and AE-arrays. In the LAE, the source of the THz radiation is the
acceleration of the photogenerated carriers in a permanent electric field,
induced in the semiconductor [4,47]. This acceleration process typically
takes place on a ps or sub-ps time scale and results in a THz wave emit-
ted by each photogenerated carrier [4, 47]. The coherent superposition
of all the THz waves originating from the THz periodic carrier genera-
tion induced by the two beating laser beams, yields a macroscopic THz
field emitted by LAE. Along this chapter, it is shown in detail that the
THz emission by each accelerated individual photo carrier can be in-
terpreted as the emission of a corresponding transient Hertzian dipole
with a single elementary charge. In order to establish the relation to
planar antenna arrays, the quasi-continuum of such coherent elemen-
tary Hertzian dipoles is discretized into a (sufficiently dense) array of
Hertzian dipoles with correspondingly larger dipole charge. Simple esti-
mates [4] show that the length of these Hertzian dipoles is much shorter
than half a wavelength, which turns them into quite inefficient radiating
structures. This drawback, however, is over-compensated by a strongly
increased dipole charge, resulting from the fact that much higher laser
power can be applied to LAEs. Heating by the absorbed laser power
and by photocurrent represents the limiting factor for both AEs and
LAEs, particularly at the focal point, since the generated heat is highest
there. An increase of the illumination spot size by a factor 10 to 33, e.g.,
increases the maximum tolerable laser power and, hence, the induced
dipole charge, by a factor of 102 = 100 to 332 ≈ 1000. This corresponds
to an increase of the device size from 8µm × 8 µm (the dimensions of a
typical antenna-coupled device), to 80µm × 80 µm, or 250 µm × 250 µm.
Interestingly, the short dipole length implies even an advantage at
higher frequencies compared to AEs. For the latter, the THz power
is strongly limited by the RC-roll-off. The radiation resistance of a
Hertzian dipole scales with the square of its length and becomes so small,
that the RC roll-off frequency shifts to frequencies well beyond the THz
range, and is not a limiting factor for the LAEs any more. Apart from
the THz power issues, LAEs are very appealing regarding fabrication
104
3.3. LARGE AREA EMITTERS
and operation. LAEs require only very simple processing steps for the
fabrication. For the illumination, an expanded large laser spot can be
used, whereas AE-arrays require a sophisticated set-up for the coher-
ent illumination of the individual AEs and, possibly, another demanding
mounting process shaping the THz beam by lenses.
In this section, the attention is focused on the aspects related to the
emission of the radiation, rather than on details of carrier generation and
transport. LAEs are broadband THz emitters, and because of this very
wide Fourier spectrum of frequencies, and hence wavelengths, a quan-
titative analysis of these results is complicated. It is shown below that
this results in a wide range of radiation patterns for the different Fourier
components. For a laser pulse with a given Gaussian laser spot size of
(sufficiently large) width ρ0, e.g., the high-frequency (short-wavelength)
components may turn out quite strongly collimated, whereas the low-
frequency (long-wavelength) components may exhibit much wider lobes.
The study carried out on in this work is restricted to LAEs based on CW
photomixing and it will be shown that it represents a very promising ap-
proach for THz emitters with high power and excellent beam profile.
This section is organized in the following way. First, a short intro-
duction on CW THz photomixing with LAEs is included. Main char-
acteristics, working principle and state-of-the-art results are presented.
In the next subsection, an equivalent electromagnetic circuit based on
Hertzian dipoles to generate the radiation pattern of vertical LAEs is
obtained. Finally, three different LAEs are simulated and results are
commented.
3.3.1 Introduction of CW Photomixing with LAEs
AEs can be very efficient THz emitters, provided the incoming optical
power PL is efficiently transformed into a THz Alternating Current (AC)
ITHz. In p-i-n photomixers, a responsivity close to the ideal value R
id =
ITHz/PL = e/hν0 (assuming that each incoming photon of energy hν0
contributes one elementary charge e to the photocurrent ITHz) can be
achieved, at sufficiently low THz frequencies (up to about 100 GHz).
Due to the antenna resistance, of the order of Ra = 70 Ω [4, 46], one
can approach an ideal conversion efficiency of (ηidconv = P
id
THz/PL =
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1/2Ra (e/hν0)
2
PL (≈ 27.3% at PL = 5 mW, for telecommunication laser
wavelength of, e.g., 1550 nm). In practice, however, much lower THz
power is obtained because of the RC roll-off and the transport roll-off,
which strongly reduces the THz current fed into the antenna at higher
frequencies. In photoconductive photomixers as the one used in Section
3.2, the responsivity is far below the ideal value, because of the low
photoconductive gain, resulting in strongly reduced currents, even at low
frequencies. Unfortunately, the small active area of the AE, required to
minimize the RC roll-off, imposes strict limits to the maximum tolerable
laser power. Focusing the laser beam onto a very small area, results in
a strong heating [4]. Apart from that, the increased laser power yields
to high photo-carrier densities, which are screening the applied Direct
Current (DC) electric fields [4] required for their transport.
Much higher total laser power can be applied without the risk of ther-
mal failure and without causing screening if an alternative THz emitter
concept is found allowing the laser power to be spread over a large area
comparable with the size of a typical antenna, or even larger. Such a
LAE concept [Figure 3.14(a) and (b)] can be implemented by taking
advantage of the fact that the charge carriers generated in the semi-
conductor become elementary Hertzian dipole sources of THz radiation,
if subjected to an accelerating DC electric field EDC. The THz fields
of the dipoles interfere constructively and the radiated power increases
quadratically with the laser power. This dependence is identical to the
case of antenna emitters as long as the illuminated area is small com-
pared with the THz wavelength [4]. In this case, the angular distribution
of the THz power will be the same as that for an elementary dipole [Large
Area Quasi-Dipole (LAQD)]. If, however, the size of the illuminated area
becomes comparable with the THz wavelength or even larger, interfer-
ence effects become essential (in the far field) and the radiation pattern
become narrower like in an array of THz antennas. It is found that
the maximum radiation intensity still increases quadratically with laser
power for the direction of coherent superposition. The total THz power,
however, increases only linearly with the laser power as the beam width
decreases in the limit of a very large area or array (ρ0  λTHz). This
can be seen better in the Figure 3.15. Optical power can be increased up
to a point where the device would break because of heating. Up to this
point the relation between generated THz power and optical impinging
power is quadratic. Beyond this point, the optical intensity can not be
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Figure 3.14: Schematic diagram illustrating the principle of
photomixing in LAEs. The orientation of the constant electric field
(indicated by faint arrows), can be (a) vertical or (b) horizontal. The
dipole density is indicated by the black arrows and it is proportional to
the intensity distribution in the laser beam. To avoid destructive
interference between carriers accelerated in opposite directions every
other stripe between the contacts has to be blocked (B) for charge carrier
generation by an opaque mask. The dipole length is determined by the
short lifetime of the material and of the order of tens of nm [6].
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Figure 3.15: Comparison between expected THz power generated by
an ideal photomixer (blue), AE (red) and LAE (green) as a function of
the optical power. Crosses represent the point where it is expected the
device to break because of thermal failure.
incremented any more. What it is proposed with the LAE concept is
spread that optical power over a bigger area without increasing the in-
tensity. Theoretically, now it is possible to increase up to infinity the
optical power thus the generated THz power.
LAE’s State-of-the-Art
Recently, LAEs based on excitation with fs-laser pulses have been
successfully demonstrated and very-broad-band high-power THz radi-
ation with spectra ranging from 100 GHz up to several THz has been
observed [48–51]. Also, the emission of narrowband pulsed THz radia-
tion from large-area structure was reported by Krause et al. [52]. This
represents an interesting approach, which is suitable for combining the
increased conversion efficiency of pulsed excitation with the advantages
of (nearly) uniform radiation pattern for single frequency generation.
Regarding CW photomixing with LAEs, its working principle has
been demonstrated for the first time in [53] and beam-scanning capabili-
ties have been shown [53]. Also, its performance as detector is discussed
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in [54]. Authors obtained 2µW at 1.2 THz, with an optical power im-
pinging the LAE of 900 mW. This signal comes from two femtosecond-
lasers working at 800 nm in CW mode. A horizontal LAE (Figure 3.14b)
is used with a total area equal to 7 mm × 7 mm. Also, it was demon-
strated that by changing the size of the optical spot and, in consequence,
the illuminated area of the LAE, the output beam becomes narrower so
the output THz power is increased. In Figure 3.16 the results obtained
in [53] are depicted. Beam-steering capabilities are also demonstrated
by physical rotating one of the optical lasers. It is shown that a very
small rotation in one of the optical lasers yields to a ± 45◦ THz beam
displacement (Figure 3.17).
Figure 3.16: Normalized angular distribution of the radiated THz
beam mapped out for three different spot sizes. Dotted curves show the
analytically calculated beam pattern of the same LAE for
comparison [53].
Figure 3.17: Normalized angular distribution of the radiated THz
beam for different incident angles of one of the lasers’ beam [53].
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3.3.2 Radiation Equivalent Circuit of LAEs
In this section a radiation equivalent circuit of LAEs based on Hertzian
dipoles is derived. This is carried out by discretizing the generated pho-
tocurrents into an array of Hertzian dipoles.
Radiation from LAEs
A single electron in a semiconductor of dielectric constant sc, char-
acterized by an effective mass mc (typically mc ≈ (0.04, . . . , 0.07)m0,
where m0 = 9.1 × 10−31 kg is the mass of a free electron), emits a
THz pulse if accelerated by an electric field EDC. The total THz power
P eTHz(t) is given by [4, 46,47]:
P eTHz(t) =
(
Z0
6pi
)
e2 [a(t)]
2
nsc
c2
(3.3)
Here, e = 1.602×10−19 C is the elementary charge, c = 3×1010 cm/s
the vacuum velocity of light, Z0 = (0c)
−1
= 377 Ω the impedance of
free space and nsc = (sc)
1/2
the refractive index of the semiconductor.
In typical III-V semiconductors and at sufficiently high electric fields
(> kV/cm) the time dependent acceleration a(t) can be approximated
by an initial “ballistic” acceleration a1 = eEDC/mc up to a maximum
ballistic velocity of about vmaxbal ≈ 108 cm/s (in GaAs) and 2 × 108 cm/s
(in InGaAs, e.g.), followed by a deceleration due to scattering, which can
be approximated by a2 = −a1 [4,55]. The superposition of the transient
THz fields of the carriers generated by the modulated laser power PL(t)
yields in the LAQD-limit (remember, a semiconductor area equivalent
to a λ/2 dipole):
PLAQDTHz =
1
2
RLAQD |ITHz (ωTHz)|2 (3.4)
with
RLAQD =
(
2Z0nsc
3pi
)(vbal
c
)2
= (3.2 . . . 12.8) · 10−3Ω
for vbal = (1 . . . 2) · 108cm/s (3.5)
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ITHz (ωTHz) = I0,pin · f (ωTHz) (3.6)
The frequency dependent factor:
f (ωTHz) =
(1− cos (ωTHzτbal))
ωTHzτbal
(3.7)
increases linearly with ωTHzτbal at low frequencies, reaches the max-
ima at about ωTHzτbal ≈ (3/4)pi and (2n+ 1)pi and the minima at
ωTHzτbal ≈ 2npi (n = 1, 2, 3, . . .). In other words, at low frequencies(
ωTHz  τ−1bal
)
, the THz field contribution of accelerated carriers are
strongly reduced due to destructive interference with the opposite field
contribution of decelerated, previously generated, carriers as the accel-
eration and deceleration times, τbal ≈ vbal/a1 = vbalmc/ (eEDC), are
short compared to the THz period, TTHz = 1/νTHz. The main maxi-
mum of f (ωTHz = 3pi/ (4τbal)) ≈ 0.72 occurs close to the frequency vbal
at which the acceleration and deceleration times closely correspond to
half a THz period TTHz. The ballistic acceleration time τbal = vbal/a =
vbalmc/ (eEDC) can be adapted to fulfil the condition for maximum
THz power, τbal = (3/8)TTHz = 3/ (8νTHz). This condition yields
6 kV cm−1< EDC <60 kV cm−1 for 0.5 THz < νTHz < 5 THz for In-
GaAs, e. g.. For the optimum adapted fields, the THz power becomes:
PLAQDTHz =
1
2
· (1.76 . . . 6.7) · 10−3Ω · I2pin
for vbal = (1 . . . 2) · 108 cm s−1 (3.8)
The angular dependence of the radiation intensity, i.e., the power
emitted per solid angle dΩ = sin θdθdφ, is the same for a LAQD as for a
Hertzian dipole in the far-field. It increases quadratically with the sine
of the angle between the accelerating DC-field EDC and the vector r
from the centre of the LAE device to the observation point. For a field
in z-direction, EDC = EDC (0, 0, 1), this angle is identical with the polar
angle θ and one obtains from Equation 3.4 for the radiation intensity:
ULAQDv (θ) =
(
3
8pi
)
· PLAQDTHz · sin2 (θ) (3.9)
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which is very similar to the radiation intensity of a Hertzian dipole
placed in the z-direction. For an electric field in the x-direction, EDC =
EDC (1, 0, 0), the radiation intensity depends on both the polar angle θ
and the azimuth angle φ:
ULAQDh (θ, φ) =
(
3
8pi
)
· PLAQDTHz ·
(
1− sin2 (θ) · cos2 (φ)) (3.10)
which is similar to the radiation intensity of an Hertzian dipole placed
in the x-direction.
The previous considerations apply to a (hypothetical) LAQD embed-
ded into an infinite bulk semiconductor. However, the absorption of the
laser radiation will take place in the semiconductor close to its interface
to air at z = 0. The radiation pattern of Hertzian dipoles placed in a
semiconductor close to the surface (distance z0  λ)) is very different
to the one embedded within the infinite bulk (as shown in Chapter 2).
So this radiation pattern has to be taken into account when calculating
radiation intensities of both LAQDs and LAEs.
In the next section, the actual “continuous array” of elementary
dipoles (LAE) is subdivided into a discrete, but sufficiently dense, ar-
ray of Hertzian dipoles of correspondingly enhanced dipole charge. With
such discretization, radiation pattern and intensity of LAEs can be easily
estimated. This work is only devoted to vertical LAEs since, although
horizontal LAEs are very attractive from the theoretical point of view,
practically it turns out to be difficult to fabricate efficient LAEs for
CW operation with horizontal DC-field, allowing for ballistic transport
without suffering from field screening due to saturation effects. The satu-
ration problems can be overcome if a semiconductor with short recombi-
nation lifetimes is used. This, however, results in non-ballistic transport
and strongly reduced values for the radiation resistance in Equation 3.5.
The maximum ballistic electron velocity, vbal, has to be replaced by the
saturation velocity, vs, which is by a factor ∼ 3 − 10 times smaller. As
the THz power quadratically scales with radiation resistance, this im-
plies a reduction by a factor of ∼ 9− 100 compared with the ideal value
of PLAQDTHz in Equation 3.4.
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Description of Vertical LAE Equivalent Circuit
The main parameter which defines the behaviour of the array of
Herztian dipoles and that has to be carefully chosen is the distance
between them, a. Two considerations have to be taken into account
when discretizing continuous currents of the LAE:
The “weight factors”, that is the amplitude of the feed of each el-
ement of the array, of neighbouring elements should only differ in
small amounts. That is similar to say that elements must be very
close in order to correctly emulate the behaviour of continuous cur-
rents. An appropriate value of it is a ρ0, being ρ20 the variance of
the optical Gaussian beam impinging in the LAE (Figure 3.14) [6].
The phase delays between neighbouring elements should be small
in order to avoid non-desired side lobes (a < λ0/ (4 · nsc)).
If both of them are fulfilled, then the radiation behaviour of the
discretized array of Hertzian dipoles laying close to the interface air-
semiconductor is expected to be equivalent of the LAE’s radiation be-
haviour.
A schematic of a vertical LAE can be seen on Figure 3.18 and the
Hertzian dipoles equivalent circuit is introduced in Figure 3.19. Three
period n-i-pn-i-p structure is considered so 3 vertical dipoles in the z-
direction are included. In addition, the mesas’ width is 165µm, so taking
into account that (a < λ0/ (4 · nsc)), at 1 THz the maximum distance
between dipoles must be 21µm over InP (nsc = 3.6), so 10 dipoles or
more (m = 10) must be considered on each mesa (x-direction). The
same distance between dipoles in the y-direction is considered.
3.3.3 Simulations of Vertical LAE Equivalent Circuit
Three LAE structures are considered in this section:
LAE 1: 1786µm × 1800 µm. 10 mesas in the x-direction.
LAE 2: 4580µm × 4242.5µm. 25 mesas in the x-direction.
LAE 3: 5028µm × 2283 µm. 28 mesas in the x-direction.
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Figure3.18:
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A
numbersofMesas: n
SchematicofaverticalLAE.Threenipperiodsare
included.BlueisInP,yelowrepresentsgold,greenarethen-and
p-dopedsubstratesandwhiteisInGaAs.
Figure3.19:EquivalentdiscretizedcircuitoftheverticalLAE.Blueis
InP,yelowrepresentsgold,greenarethen-andp-dopedsubstratesand
whiteisInGaAs.Threenipperiodsareincluded.
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OptimumIlluminationAngle
Firstofal,itiscriticaltocheckwhatistheoptimalilumination
angleofthefibreopticwithrespecttotheLAE.IntheFigure3.20,a
simplifiediluminationschemeisplotted,wheretheiluminationangle
αisshown. Foralthesimulationscarriedoutinthiswork,onlyil-
luminationacrossthex-directionisconsidered.Regardingthe“optical
point-of-view”,optimaliluminationanglewouldbetheBrewsterangle.
IfapolarizedopticalsignalimpingestheLAE(oranydielectric)under
thisangle,noreflectionappearsandalthesignalistransmittedthrough
thedielectric. Forourparticularcase,Brewster’sangleisα=74.48◦
(InP).
Regardingthe“electromagneticpoint-ofview”,theoptimalangle
wouldbetheonethatprovidesahighervalueoftheradiationintensity
atitsmaximum.Tocheckwhichangleistheoptimalone,aparametric
analysisiscarriedoutchangingtheαangleovertheLAE1at1THz.
ResultsareplottedintheFigure3.21.Itcanbeseenthatthehigh-
estradiationintensityisobtainedwheniluminatingtangentialytothe
surfaceoftheLAE(α=90◦),whichisnotpossible. Moreover,differ-
enceswithrespecttoBrewster’sangleiluminationarenotsignificant
andSLLsarehigherwhenα=90◦.
Sotakingintoaccountbothopticalandelectromagneticoptimalan-
gles,itischosentheBrewsterangle(74.48◦

)astheoptimalone.
Figure3.20:SchematicofaverticalLAEanditsfibreoptic
ilumination(yelowblock).
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Figure 3.21: Radiation intensity of LAE 1 at 1 THz when ρ0 = 130µm
normalized to the α = 0◦ case: (a) α = 0◦, (b) α = 30◦, (c) α = 60◦, (d)
α = 74.48◦ and (e) α = 90◦.
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For illuminating the LAE, a Gaussian beam has been considered as
the output optical signal coming out of the optic fibre:
I0 = exp
{
− (x− x0)2
2ρ20
+
− (y − y0)2
2ρ20
}
(3.11)
being ρ0 the standard deviation of the distribution, and x0 and y0 the
centre of the LAE. In Figure 3.22 the normalized amplitude of the optical
Gaussian beam over the LAE 1 when illuminating with the Brewster
angle is plotted for two different standard deviation of the amplitude (ρ0
= 150 µm and ρ0 = 460 µm). It can be seen that there is not a circular
spot any more but an elliptical one due to this angle and that the higher
ρ0, the more similar to an uniform illumination.
(a) (b)
Figure 3.22: Normalized amplitude of the optical signal impinging the
LAE 1 under Brewster’s angle illumination when (a) ρ0 = 150µm and
(b) ρ0 = 460µm.
Spot Size (ρ0) Variation
In this section, the size of the of the optical spot (ρ0) is changed in
order to check the radiation performance of each LAE. The wider the
spot, the higher the power of the optical signal and it is expected the
higher the THz generated signal.
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LAE1ThedirectivityandtheSLLfortheLAE1at1THzwhen
changingthespotsize(ρ0)isdepictedintheFigure3.23aandtheFigure
3.23brespectively.Itcanbeseenthatthelargerthespotsizethehigher
thedirectivityuptoasaturationpointbecauseofthesizeoftheLAE.
Inaddition,theSLLincreasesasρ0
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increases. Thisisduetothefact
thatwhenmakingthespotlarger,theiluminationoftheLAEbecomes
moresimilartoauniformone,thusleadingtohighersidelobes.
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Figure3.23:Spotsizevariationat1THzoverLAE1:(a)Directivity
and(b)SLL.
InthefolowingFigure3.24,radiationintensitiesfordifferentρ0val-
uesaredepicted,normalizedtotheρ0=90µmcase.Itcanbeseen
how,astheiluminationismoreuniform,sidelobesaregreater. Two
mainlobesappearatθ=−15.52◦andθ=−164.48◦andtheradiation
intensityincreasesquadraticalywiththespotsizeρ0.Inordertocheck
howbothθ=−15.52◦andθ=−164.48◦beamsgetnarrowerwehaveto
lookattheplanewherethesebeamsare.Thesetwoplanesareshownin
theFigure3.25,wheretheradiationpatternofLAE1at1THzwhenρ0
=240µmisplotted.IntheFigure3.26theradiationintensityofLAE1
isplottedwheniluminatingwiththeBrewsteranglefordifferentspot
sizes.Figure3.26ashowsthemainbeamattheplanewhereitiscon-
tainedandFigure3.26bshowsthesecondarybeamattheplanewhereit
iscontained.Itcanbeseenhow,asthespotsizeincreases,bothbeams
getnarrower(samebehaviourastheoneshownintheliteratureforthe
horizontalLAE,Section3.3.1).
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Figure 3.24: Radiation intensities normalized to ρ0 = 90µm for
different spot sizes in the LAE 1 at 1 THz. (a) ρ0 = 90µm, (b) ρ0 =
130 µm, (c) ρ0 = 170µm, (d) ρ0 = 210µm, (e) ρ0 = 340 µm and (f) ρ0 =
460 µm.
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(a) (b)
Figure3.25:RadiationpatternofLAE1at1THzwhenρ0=250µ
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(a)Radiationpatternand(b)Radiationpatternandmainlobeand
secondarylobeplanes.
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Figure3.26:Radiationintensitiesnormalizedtoρ0=90µmfor
differentspotsizesintheLAE1at1THz.(a)Planeofthemainlobe
and(b)Planeofthesecondarylobe.
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LAE2ThedirectivityandtheSLLfortheLAE2at1THzwhen
changingthespotsize(ρ0)isdepictedintheFigure3.27aandtheFigure
3.27brespectively.Itcanbeseenthatthelargerthespotsizethehigher
thedirectivityuptoasaturationpointbecauseofthesizeoftheLAE.
Inaddition,SLLincreasesasρ0increases.Thisisduetothefactthat
whenmakingthespotlarger,theiluminationoftheLAEbecomesmore
similartoauniformone,thusleadingtohighersidelobes.
InthefolowingFigure3.28,theradiationintensitiesat1THzfor
differentρ0valuesaredepicted,normalizedtotheρ0=90µmcase.It
canbeseenhow,astheiluminationismoreuniform,sidelobesare
greater.Twomainlobesappearatθ=−15.52◦andθ=−164.48◦and
radiationintensityincreasesquadraticalywiththespotsizeρ0.Inorder
tocheckhowbothθ=−15.52◦andθ=−164.48◦
100 200 300 400 500 600 700 800 900 100010
15
20
25
ρ0 [µm]
Dir
ecti
vity
 [d
Bi]
beamsgetnarrower
wehavetolookattheplanewherethesebeamsare.Thesetwoplanes
areshownintheFigure3.25.IntheFigure3.29theradiationintensity
ofLAE2at1THzisplottedwheniluminatingwiththeBrewsterangle
fordifferentspotsizes. TheFigure3.29ashowsthemainbeamatthe
planewhereitiscontainedandtheFigure3.29bshowsthesecondary
beamattheplanewhereitiscontained.Itcanbeseenhow,asthe
spotsizeincreases,bothbeamsgetnarrower(samebehaviourastheone
shownintheliteratureforthehorizontalLAE,Section3.3.1).
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Figure3.27:Spotsizevariationat1THzoverLAE2:(a)Directivity
and(b)SLL.
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Figure 3.28: Radiation intensities at 1 THz normalized to ρ0 = 90µm
for different spot sizes in the LAE 2. (a) ρ0 = 90µm, (b) ρ0 = 170 µm,
(c) ρ0 = 250µm, (d) ρ0 = 340µm, (e) ρ0 = 500 µm and (f) ρ0 = 780µm.
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Figure3.29:Radiationintensitiesnormalizedtoρ0=90µmfor
differentspotsizesintheLAE2at1THz.(a)Planeofthemainlobe
and(b)Planeofthesecondarylobe.
LAE3ThedirectivityandtheSLLfortheLAE3at1THzwhen
changingthespotsize(ρ0)isdepictedintheFigure3.30aandtheFigure
3.30brespectively.Itcanbeseenthatthelargerthespotsizethehigher
thedirectivityuptoasaturationpointbecauseofthesizeoftheLAE.
Inaddition,SLLincreasesasρ0increases.Thisisduetothefactthat
whenmakingthespotlarger,theiluminationoftheLAEbecomesmore
similartoauniformone,thusleadingtohighersidelobes.
InthefolowingFigure3.32,theradiationintensitiesfordifferentρ0
valuesaredepicted,normalizedtotheρ0=90µmcase.Itcanbeseen
how,astheiluminationismoreuniform,sidelobesaregreater. Two
mainlobesappearatθ=−15.52◦andθ=−164.48◦andtheradiation
intensityincreasesquadraticalywiththespotsizeρ0.Inordertocheck
howbothθ=−15.52◦andθ=−164.48◦beamsgetnarrowerwehaveto
lookattheplanewherethesebeamsare.Thesetwoplanesareshownin
theFigure3.25.IntheFigure3.31theradiationintensityofLAE3at
1THzisplottedwheniluminatingwiththeBrewsteranglefordifferent
spotsizes.TheFigure3.31ashowsthemainbeamattheplanewhereit
iscontainedandtheFigure3.31bshowsthesecondarybeamattheplane
whereitiscontained.Itcanbeseenhow,asthespotsizeincreases,both
beamsgetnarrower(samebehaviourastheoneshownintheliterature
forthehorizontalLAE,Section3.3.1).
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Figure3.30:
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Figure3.31:Radiationintensitiesnormalizedtoρ0=90µmfor
differentspotsizesintheLAE3at1THz.(a)Planeofthemainlobe
and(b)Planeofthesecondarylobe.
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Figure 3.32: Radiation intensities normalized to ρ0 = 90µm for
different spot sizes in the LAE 3 at 1 THz. (a) ρ0 = 90µm, (b) ρ0 =
170 µm, (c) ρ0 = 250µm, (d) ρ0 = 340µm, (e) ρ0 = 500 µm and (f) ρ0 =
740 µm.
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3.4 Conclusions
In this chapter, two main approaches for CW THz generation by pho-
tomixing had been analysed: one based on AEs and the other based on
LAEs. Contributions from the antenna point of view have been proposed
in both cases.
The meander dipole antenna has been presented as a solution to
match both capacitive susceptance and conductance of photomixers while
maintaining a relatively high value of radiation efficiency. To achieve
such a goal, the antenna has been forced to work out of its main res-
onance, at lower frequencies, where it exhibits an inductive behaviour.
With this approach, there is no need to include a RF choke, so the de-
sign of an antenna for CW THz based on photomixing is simplified to
just the design of the meander dipole antenna. A joint design process of
the antenna is proposed where both matching and radiation efficiencies
(AIA concept) are taken into account. The proposed antenna design
can be followed independently of the photomixer used and it consists on
trying to maximize the radiated power obtained from it. A prototype
working at 1.05 THz was designed, manufactured and measured, and the
obtained results show a 6 dB improvement in THz output power when
compared with the log-periodic prototype. This result is comparable
with previously reported ones [30] at 1 THz but with the novelty of not
using the RF choke.
Regarding LAEs, a radiation equivalent circuit based on Hertzian
dipoles has been proposed. The LAEs are very promising devices be-
cause, theoretically, there is no upper limit in the amount of THz power
they can generate. With this equivalent circuit model it has been shown
that the main lobe direction in the vertical LAEs is not perpendicular
to the LAE surface, but it depends on the angle of illumination with the
fibre optic. It has been determined that the optimal illumination angle
is the Brewster angle and it produces a maxima in the radiation pattern
at 1 THz in θ = −15.52◦ and θ = −164.48◦ respectively.
It has been shown that the higher the illumination optical spot, the
higher the radiation intensity at THz frequencies. But if the spot is
too big, then side lobes appear and the radiation pattern is deteriorated.
Three different vertical LAEs with different sizes had been simulated and
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their radiation intensities, as well as the directivity and the SLL have
been calculated. It has been shown that, regarding radiation pattern,
the optimal spot size (ρ0) is approximately 7.5 % the length of the LAE
in the illumination direction. With such spot size, the SLL is lower than
−25 dB and directivity reaches a reasonable level.
The main contributions related with the third chapter have been
published or presented in 2 JCR journal papers (first quartile), 1 book
chapter and 4 conferences (see Publications section at the end of this
document).
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CHAPTER 4
SUB-TERAHERTZ RECTIFYING
DETECTORS
Once THz emitters were discussed in the previous chapter, it is time
to focus on the other key devices of a wireless system: the detectors. In
this chapter two direct detectors technologies will be discussed: QO SBD
detector and FET direct detector based on CMOS technology. We have
focused on those two topologies since among all available THz/sub-THz
detectors, they are the ones with best capabilities regarding compactness,
room temperature operation and easy array integration. In addition,
their performance can also be improved from the antenna point of view.
A complete QO SBD receiver design and characterization is carried
out in this chapter. The receiver is designed to work within the E-Band
(60 GHz - 90 GHz) and it is meant to take part of a very-high speed data
wireless transmission system (> 1 Gbit/s). Regarding the CMOS FET
direct detector, the very first steps for a 300 GHz receiver are presented.
Its main application is an array for imaging applications (security). Both
designs are formed from a planar antenna and a detector (either SBD or
FET), with the possibility of including an optical device (lens). Their
performance is improved by designing the antenna of each receiver in
such a way that the total efficiency is maximized.
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The chapter is organized in three sections. In the first one, a brief
introduction on THz/sub-THz detectors is done. The main parameters
of such detectors are introduced and a classification of them is presented.
The second section is devoted to QO SBD receiver. Finally, the third
section discusses the CMOS FET direct detector.
4.1 Introduction to THz/sub-THz Detectors
THz/sub-THz detectors are devices that are capable to detect invisi-
ble THz/sub-THz radiation and convert it into something perceptible to
human being [1]. They are transducers that convert an incoming signal
(THz/sub-THz radiation) into some convenient form which can be ob-
served, recorded and analysed. The signal, an electromagnetic wave, has
an amplitude and a phase with an information that can be recovered [2].
As mentioned in the Chapter 1 of the present work, THz/sub-THz detec-
tors are a key component of a lot of systems nowadays. They are finding
a lot of applications in astronomy, security, wireless communications, etc.
In this chapter we will focus on two of those applications: wireless com-
munications and security. In order to make such systems cost-effective,
it is desirable to use un-cooled detectors, as well as being compact, easy
to manufacture and easy to integrate on array configuration [3, 4].
There are several parameters that describe the performance of a de-
tector that will be summarised in the next subsection. In the following
one, a classification of THz/sub-THz detectors is presented and the per-
formance of each type is briefly described. In this chapter we will focus
on CW THz/sub-THz detection since we are interesting on a single car-
rier frequency, but there also exists Pulsed THz/sub-THz detectors and
more information of them can be found in [1, 2].
4.1.1 Detector Parameters
In this subsection, the main THz/sub-THz detector parameters are
briefly summarised. These parameters describe the detector performance
and are the key component to choose between different detectors depend-
ing on the application.
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Responsivity This parameter describes the conversion efficiency of the
detector. It is defined as the ratio of the output, an electrical signal
(either voltage or current), to the input (THz/sub-THz radiation power).
Depending on the output signal, the responsivity can be called voltage
responsivity, expressed in volts per watt and defined as:
RV ≡ dV
dP
(4.1)
or current responsivity:
RI ≡ dI
dP
(4.2)
expressed in amps per watt. Generally speaking, high responsivity
is desirable. This is an important characteristic, but perhaps not the
most important, as the limit to what can be measured is expressed by
the Noise Equivalent Power (NEP), not the responsivity [1, 2].
Linearity Linearity expresses the power range where the responsivity
behaves in the same way. The extent to which the detector responsivity
varies with the input power is termed the non-linearity. Ideally, we want
a detector to have the same responsivity regardless of the size of the
input signal. [1, 2].
Noise Equivalent Power This parameter expresses the amount of sig-
nal power needed to fall on the detector so that the signal at the detector
output is exactly the same size as the signal produced by the background
noise. Or what is the same, the amount of signal power required to yield
a Signal to Noise Ratio (SNR) of unity at the output of the detector in
a 1 Hz bandwidth. The lower NEP a detector has the more sensitive it
is and lower signals can be detected [1, 2].
Range Range is related with power and specifies the maximum signal
that the detector can bear before it can be damaged. Normally, detectors
are devices highly sensitive and a very high amount of power would cause
irreversible damage to it [1, 2].
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Speed There are two parameters related with speed in detectors: re-
sponse speed and time constant. In fact, both parameters are related
and define the time that a detector needs to respond to a change in the
input signal and register the new value of the THz/sub-THz field [1, 2].
Spectral Response It is the responsivity as a function of the frequency
of the detector. Detectors can be either broadband or narrowband, de-
pending on the application one detector would be more suitable than
other [1, 2].
Polarisation Many sensor are sensitive to radiation of one polarization
(linear, elliptical or circular) while other detectors are not. It is usually
undesirable to have a detector whose polarisation response varies with
frequency [1].
Environmental Factors Some detectors are placed under controlled
conditions in a laboratory; others find themselves in more difficult envi-
ronments such as on a satellite in earth orbit. In addition, some detectors
need to be cooled while others can work at room temperature. The ideal
is to have a compact, light, and robust sensor that operates at ambient
temperature and pressure [1].
4.1.2 Classification of THz/sub-THz Detectors
There exists a huge variety of detectors working at these frequen-
cies nowadays, and improvements and new topologies are made every
year. Traditionally, detectors are divided in two main groups: coherent
and incoherent detection systems (see Figure 4.1). Coherent detection
systems allow detecting both the amplitude and the phase of the signal,
while incoherent detection systems allow only amplitude signal detection.
Traditionally, coherent detection systems use heterodyne circuit design,
while incoherent detection systems use direct detection detectors [5, 6].
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Figure 4.1: (a) Direct detection scheme. (b) Heterodyne detection
scheme.
Direct Detection Detectors
The simplest direct detection schematic can be seen in Figure 4.1a.
It consists on an antenna that collects both the signal (PS) and the
background (PB) radiation (either thermal or transmitted power from
an emitter) and transfer them to the detector device which rectifies them
from RF (THz/sub-THz) to baseband. In most practical cases the base-
band is defined by amplitude or frequency modulation of the incoming
signal to reduce the effect of gain drifts and 1/f noise that occurs in
the THz electronics. Then, an amplifier can be included to increase the
received signal level. Finally, the generated signal (IS) have to be pro-
cessed. In the THz/sub-THz region, direct detectors typically are power
to voltage or power to current converters. They transform an RF power
signal into a baseband voltage or current one. The most important figure
of merit of such detectors are both the responsivity and the NEP [5,6].
Direct detection detectors can be classified in three different groups:
Thermal detectors, Photoconductive detectors and Electronic rectifiers.
Below, each type of detector is described and detectors belonging to each
group are presented.
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Thermal
Thermal direct detectors absorb THz/sub-THz radiation energy and
convert it into heat. Then, a thermometer attached to a heat sink mea-
sures the temperature change induced by this heat. Each type of thermal
detector is distinguished by the specific scheme it uses to measure the
temperature difference between the absorber and the heat sink. The ab-
sorbed radiation energy is determined by calibrating the measurement
output [1,2,7]. The most interesting property of thermal detectors is that
they respond to radiation over a very broad spectral range, which can
not be done with other types of detectors. On the other hand, thermal
detectors are relatively slow because the radiation absorber must reach
thermal equilibrium before a temperature measurement can take place.
The time constant of a typical bolometer is ∼ 0.1 ms at 4 K temperature.
Golay cells and pyroelectric detectors work at ambient temperature, but
they are much slower than bolometers, with time constants on the order
of 1 s. Because of the strong influence of ambient temperature, detection
of desired THz radiation requires special care to compensate for environ-
mental effects. A common, yet powerful, scheme to distinguish desired
THz radiation from background signal is to modulate the intensity of
the incident THz beam and measure the consequent changes in output
signal [1, 2, 7].
The most important THz/sub-THz thermal detectors are bolometers,
pyroelectric detectors, Golay cells, thermopile and power-meters. All of
them are briefly explained below.
Bolometers A bolometer is a cryogenic detector which operates at or
below Liquid Helium (L-He) (4 K) temperature for high detection sensi-
tivity. It is equipped with an electrical resistance thermometer to mea-
sure the temperature of the radiation absorber. They measure heat
through a change in their electrical resistance. Usually, the thermometer
is made of a heavily doped semiconductor such as Si or Ge, exploiting the
fact that the resistance of such materials is susceptible to temperature.
An schematic of a bolometer can be seen on Figure 4.2. Responsivity of
a typical Si bolometer is ∼ 107 V/W at L-He temperature (4 K) and the
typical NEP is ∼ 10−14 W/
√
Hz [1,2, 7].
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Figure 4.2: Schematic diagram of a typical composite bolometer [7].
Pyroelectric A pyroelectric detector is a detector formed by a pyro-
electric material in which temperature changes force a change in the
dielectric constant of the material. This is produced by spontaneous
electric polarization changes due to temperature. A key component of
this type of detector is a capacitor containing this pyroelectric material.
A change in the detector temperature causes an electric charge to appear
across the electrodes. The current flow neutralizing this bias is the mea-
sure used to determine the temperature variation [1,2,7]. An schematic
of this kind of detector can be seen on Figure 4.3. Typical responsivity
and NEP of a pyroelectric detector at a modulation frequency of ∼ 10 Hz
are ∼ 1 kV/W and ∼ 10−9 W/
√
Hz, respectively.
Figure 4.3: Schematic diagram of a typical pyroelectric detector [7].
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Golay Cell A Golay cell is a thermal detector where the heat is trans-
ferred to a small volume of gas in a sealed chamber behind the absorber
so that pressure increases in the chamber. A reflective and flexible mem-
brane is attached to the back side of the chamber, and an optical reflec-
tivity measurement detects the membrane deformation induced by the
pressure increase [1,2,7]. An schematic of a Golay cell is shown in Figure
4.4. The Golay cell is the most sensitive detector among thermal radi-
ation detectors which operates at room temperature. Responsivity of a
Golay cell is in the range of kV/W when the modulation frequency is a
few tens of hertz. Typically obtained NEP is (0.1− 1) · 10−9 W/
√
Hz.
Figure 4.4: Schematic diagram of a Golay Cell [7].
Thermopile When two different metals are in contact, the mismatch
of their Fermi levels results in an electromotive force across the contact.
This is called the thermoelectric effect and the magnitude of this force
depends on the temperature [2]. In order to use thermopiles for the de-
tection of radiation, they have to be combined with an absorber. Ideally,
it has complete absorption across the whole frequency band of interest.
In addition, a reference temperature needs to be provided, which should
be highly stable. Typical responsivity and NEP values of a thermopile
detector are in the order of tens of V/W and 10−10 W/
√
Hz, respectively.
In Figure 4.5 and schematic of a thermopile detector is shown.
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Figure 4.5: Cross section of a thermopile [2].
Power Meters Inside this group, calorimetric, photoacustic and photon
drag effect detectors are included.
Calorimetric power meters are composed by two identical waveguides
which are mounted in a chamber that is thermally well insulated. They
are terminated with absorbers which can be electrically heated. For
the measurement, the THz/sub-THz signal is coupled into one waveg-
uide, while the absorber of the other is electrically heated until the tem-
perature difference between the two loads vanishes. With some correc-
tions, the electrically dissipated power is then equal to the THz/sub-THz
power [2]. An schematic of it can be seen on Figure 4.6.
Figure 4.6: Diagram of the power detector head of a calorimetric power
meter [2].
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Another type of power meter is based on the photoacoustic effect.
Two closely spaced parallel windows form a sealed gas cell. A thin
metal film which absorbs a known fraction of the incident THz/sub-
THz radiation is placed between them. Chopping the incident radiation
leads to a modulation of the film’s temperature, which in turn induces a
modulation of the pressure in the cell. This modulation is detected by a
pressure transducer (microphone) and measured with a lock-in amplifier.
The modulated pressure change is closely related to the total absorbed
power [2]. An schematic of it can be seen on Figure 4.7.
Figure 4.7: Thomas Keating Ltd. power meter. Accurate
measurements require polarized radiation at the Brewster angle 55.5◦ [2].
Finally, a further method of measuring power in the THz region is to
use detection based on the photon drag effect. Photon drag is a simple
manifestation of photon pressure, because it generates an electric field
in a semiconductor by transferring momentum from an incident light
beam to charge carriers. The magnitude of the electron field is a linear
function of the light intensity. A typical photon drag device consists
of a cylindrical rod of semiconductor material, with sufficient doping to
absorb radiation over the length of the rod at the wavelength of interest.
When light is directed onto the end face of the rod, an electric field is
induced, which can be observed as a voltage if electrodes are placed at
either end of the device [2].
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Photoconductive
Photoconductive detectors measure a resistance change produced by
the interaction of photons with electrons within a material. If a current
is passed through the detector element, this resistance can be measured
so does the incoming energy which produced that change. The essential
difference between thermal detectors and photodetectors is that in the
former the incoming energy produces a measurable temperature change,
while in the latter the energy of the photons interacts with electrons [2].
The conductivity of a piece of material, typically a semiconductor, is
monitored. When THz/sub-THz radiation falls on the photoconductive
material, the conductivity changes. The THz/sub-THz frequency pho-
tons are usually too low energy to create electron-hole pairs. Rather,
they modulate the passage of a pre-existing current [1]. Several photo-
conductive detectors have been designed with different materials. Among
them, the most used ones with best detection capabilities are the ones
made of Germanium (Ge) and Gallium Arsenide (GaAs).
Extrinsic Germanium Detectors Ge:Ga has been the most widely
studied and widely used THz photoconductive detector since its intro-
duction in 1965. Single Ge:Ga detectors and detector arrays have been
employed for THz astronomy since the 1980’s. In its conventional form, it
has good response from about 2.4 THz to 7 THz, but it was later realized
that its ionization energy could be reduced by applying a compressive
force, and in this mode the low-frequency limit is extended to close to
1.5 THz, but with lower response at high frequencies. The optimization
of this type of detector is complex but a very remarkable performance has
been achieved under low background conditions, with NEP values close
to 10−17 W/
√
Hz. Commercial systems, typically used in higher back-
ground laboratories, reach values of 10−12−10−13W/
√
Hz. For optimum
response above 6 THz, Be-doped Ge photoconductors have been devel-
oped. Under reduced backgrounds, NEPs are close to 10−16 W/
√
Hz,
giving a significant advantage over Ge:Ga in the 6 THz–10 THz region [2].
Gallium Arsenide Detectors GaAs is a good candidate to be used
as THz/sub-THz photoconductive detector since it has several absorp-
tion peaks in the frequency range between 0.7 THz and 2 THz. At the
frequency of peak response, 1.06 THz, NEPs of 4× 10−14 W/
√
Hz have
been obtained with n-GaAs with donor concentrations of 2 × 1014 cm3
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and low compensation by acceptors. Response times of 250 ns have been
measured in detectors with low compensation and 25 ns in those with
much higher acceptor concentration. In practice, it is difficult to achieve
good responsivity and high speed simultaneously, due to the resistance
of GaAs detectors, which is typically in the GΩ range [2].
Electronic Rectifiers
A rectifier is a device that is able to generate a DC current from
an AC excitation. Due to a nonlinear relationship between the bias
voltage and the generated current, the AC excitation is downconverted
to DC due to selfmixing mechanisms. In this sense, a rectifier can also
be used as mixer for downconversion to an Intermediate Frequency (IF)
in a heterodyne system. Schottky diodes and FETs have been largely
used as rectifiers in the microwave region during decades, and one of the
approaches for THz detection is the extension of these devices to higher
frequencies. They are replacing detection solutions based on thermal
detection as they are able to provide similar NEP values (but not similar
to superconducting bolometers), room-temperature operation and higher
frequency bandwidth. However, their maximum operation frequency is
at last term limited by parasitic effect and the difficult of manufacturing
devices within the sub-µm range [2–4,6].
Schottky Barrier Diodes SBD detectors have been long used since
1940s for microwave detection and mixing because of their high respon-
sivity and ability to operate at ambient or cryogenic temperatures. Typ-
ical responsivity and NEP values for these devices for zero biasing are in
the order of 1000 V/W and 5 pW/
√
Hz at 100 GHz and 100 V/W with
a NEP of 50 pW/
√
Hz at 1 THz respectively [8]. They are explained in
detail in Section 4.2.
Field Effect Transistors The study of FET as THz detectors was
initiated by Dyakonov-Shur publication [9]. Typical responsivities are
similar to the ones obtained with SBD and NEP values are around 100−
200 pW/
√
Hz at 1 THz [8]. They are explained in detail in Section 4.3.
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Heterodyne Detectors
Today, the heterodyne principle is the basis of nearly all radio and
television receivers as well as wireless telecommunication. Heterodyne
detection is based on frequency downconversion in a nonlinear device,
accomplished by mixing RF signal with a reference radiation at a fixed
frequency (Figure 4.1b). The front-end deals with the THz/sub-THz
radiation and its major components are [5]:
A LO that delivers the reference frequency to the mixer.
A mixer onto which the signal radiation and the radiation from
the LO impinge. The mixer delivers an output at the difference of
the signal and the LO frequencies, the so-called IF.
Optical elements that couple the signal radiation and the LO ra-
diation onto the mixer.
We assume that the nonlinear device, the mixer, is characterised by a
quadratic nonlinearity. For the signal and the reference radiation given
as ES cos (ωSt) and ELO cos (ωLOt), the output signal contains the five
frequency components:
VO = χ [ES cos (ωSt) + ELO cos (ωLOt)]
2
=
1
2
χ
(
E2S + E
2
LO
)
+
1
2
χE2S cos (2ωSt)
+
1
2
χE2LO cos (2ωLOt)
+
1
2
χESELO cos [(ωS + ωLO) t]
+
1
2
χESELO cos [(ωS − ωLO) t] (4.3)
where χ is the quadratic nonlinear coefficient. The heterodyne de-
tector filters out the first four components and measures the last term
of the difference frequency (IF), ωIF = |ωS − ωLO| [7].
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The LO output power is a crucial factor in determining the detector
performance, as VO is proportional to ELO. Solid-state emitters have
been commonly used as LOs in the region of 0.11 THz–1 THz, and gas
lasers above 1 THz. QCLs are a promising THz LO for future applica-
tions because of their compactness and high power. Another key com-
ponent of heterodyne detection is a mixer with nonlinear characteristics.
Schottky diodes are commonly used as mixers in the spectral range below
1 THz. Above 1 THz, the most sensitive mixers are cryogenic detectors
such as hot-electron bolometers [2, 5–7].
Schottky Barrier Diodes This is the technology traditionally avail-
able for THz/sub-THz receivers together with a gas laser LO. The noise
temperature of such receivers has essentially reached a limit of about
50hν/kB in the frequency range below 3 THz, with h being the Planck
constant, ν the frequency and kB the Boltzmann constant. Above 3 THz,
there occurs a steep increase, mainly due to the reduced performance of
the diode itself (parasitic effects) and antenna performance [2].
Superconductor-Insulator-Superconductor The SIS mixer is a sand-
wich of two superconductors separated by a thin (∼ 20A˚) insulating
layer. Nowadays, SIS mixers are used in virtually all astronomical het-
erodyne receivers operating below 1.3 THz. The conversion loss of a
typical SIS-based heterodyne receiver is ∼ 13 dB. About 3 dB of the
losses are in the optics and ∼ 3 dB are in the tuning circuit. The re-
maining ∼ 7 dB are due to the mixing process in the junction itself.
The signal bandwidth of a SIS mixer is typically 10 %–30 % of its centre
frequency, with the larger FBW at the low-frequency end [2]. The SIS
mixers used in the Heterodyne Instrument for the Far-Infrared (HIFI)
on ESA’s Herschel Space Observatory are an example [10].
Hot Electron Bolometers Unlike SBD and SIS mixers, HEB mixer
is a thermal detector. In principle, any type of bolometer can be used
as a mixer. Dual Side Band (DSB) noise temperatures achieved with
HEB mixers range from 400 K at 0.6 THz up to 3800 K at 5.2 THz. Up
to 2.5 THz, the noise temperature closely follows the slope 10hν/kB ,
with somewhat worse values above 3 THz. This is caused by increasing
the losses in the optical components and lower efficiency of the hybrid
antenna. Non uniform distribution of the current in the bridge, due to
the skin-effect, may also contribute, because it changes the IF matching.
In comparison with SBD mixer, HEB requires three or four orders of
magnitude less LO power [2].
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Figure 4.8: DSB noise temperatures achieved with Schottky diode
mixers (squares), SIS mixers (diamonds), and HEB (circles) [2].
Comparison between Heterodyne and Direct Detection
An advantage of systems with direct detection is their relative sim-
plicity and possibility to design large format arrays. Regarding hetero-
dyne detectors, three characteristics of them make them more suitable
for some applications. First, since the signal which carries the informa-
tion is downconverted, low-frequency amplifiers can be employed. This
allows the use of heterodyne receivers even at extremely high frequencies,
where direct amplification is not possible due to the lack of high-speed
amplifiers. The second advantage is its high-frequency selectivity. For
telecommunication, this means that it is possible to make very efficient
use of a given frequency band, i.e., many transmitting channels can be
fitted into it. For spectroscopy applications, it means that high spectral
resolution is possible. The third advantage is also based on the narrow
bandwidth detection process. The noise can be reduced by choosing a
detection bandwidth similar to the signal bandwidth and, because the
signal is narrow band, the noise will be correspondingly low [2].
Heterodyne detection offers higher spectral resolution ν/∆ν ∼ 105−
106 because νIF  ν. But for heterodyne systems, especially for SBD in
the THz region, a critical component is the LO source. At the same time,
direct detectors, as a rule operating in wider spectral range, can provide
sufficient resolution. They are preferable for moderate spectral resolution
ν/∆ν ∼ 103 − 104 or lower and they are also preferable for imaging.
Direct detectors can be used in those applications where responsivity is
more important than the spectral resolution [6].
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4.2 Quasi-Optical Schottky Barrier Diode Detector
In this section, a QO SBD detector working within the E-Band
(60 GHz - 90 GHz) is designed, manufactured and characterised. In ad-
dition, it is used as a receiver for a 1 Gbit/s wireless transmission system
at 76 GHz. A QO SBD detector is basically a SBD detector with a planar
antenna and a silicon lens to improve its directivity.
This section is organised as follows. First, an introduction to SBD
direct detectors is carried out. The main design parameters, as well
as the state-of-the art results are presented. Secondly, the zero bias
SBD used as the detector in the receiver is presented and characterised.
To do so, both DC and high frequency measurements of the SBD have
been done and the equivalent circuit is obtained. Then, three planar
antennas were designed, each of them providing different capabilities
to the receiver and radiation improvement is analysed by the design
of a hyper-hemispherical silicon lens. A low frequency 50 Ω Coplanar
Stripline (CPS) to Coplanar Waveguide (CPW) transition is designed
and the whole structure is manufactured and packaged. The receiver is
fully characterised and an experiment is carried out. This consists of a 1
Gbit/s wireless data transmission where the designed QO SBD detector
is used as the receiver. Finally some conclusions are included.
4.2.1 Introduction to Schottky Barrier Diode Rectifiers
The Schottky Barrier Diode
A SBD is one of the simplest semiconductor devices, whose model
representation (current-voltage (I-V) and voltage-capacitance (V-C) char-
acteristics and the equivalent circuit) describes with sufficient accu-
racy its actual behaviour for up to millimetre and lower sub-millimetre
band [11].
The SBD is a two-terminal semiconductor device that utilizes the
nonlinear properties of a metal-semiconductor contact. The rectifying
properties arise from the presence of an electrostatic barrier between the
metal (the anode) and the semiconductor (the cathode). The barrier is
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created by the unequal work functions of the metal and semiconductor
and conduction is controlled primarily by thermionic emission of major-
ity carriers over the barrier. The Schottky diode is therefore a majority
carrier device whose cut-off frequency is not limited by minority carrier
effects.
The electrical properties of a Schottky diode are predominantly de-
fined by the metal and semiconductor combination and the size an con-
dition of the contacting surfaces. Operation at high frequencies requires
low series resistance and low junction capacitance. This implies the use
of a semiconductor with high carrier mobility and saturation velocity.
Most Schottky diodes currently used are made on silicon (Si) or gallium
arsenide (GaAs) semiconductor. Carrier mobility is greater for the n-
type materials than for the p-type. Hence, the n-type semiconductors
are used almost exclusively for Schottky diodes. Many metals can create
a Schottky barrier on either Si or GaAs semiconductors; platinum, gold
and aluminium are commonly used [12]. A schematic of a SBD can be
seen on Figure 4.9.
n+ GaAs
si GaAs
n+ GaAs
si GaAs
Anode contact
n GaAs epilayer
Cathode contact
anode metal
ohmic metal
gold overlay
electroplated gold
(a) (b)
Figure 4.9: Cross-sectional view of planar Schottky barrier diodes
intended for use as (a) Varistor and (b) Varactor (adapted from [12]).
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The I-V characteristic of a SBD with a series resistance Rs and a
parallel leakage resistance Rl is usually given by [13]:
I = Is
(
e
q
ηkT (V−RsI) − 1
)
+
1
Rl
(V −RsI) (4.4)
being k the Boltzmann constant (1.38× 10−23 m2s−2kgK−1) and T
the absolute temperature in Kelvin. The differential resistance (Rdiff ) or
junction resistance (Rj) and the current responsivity (RI) under square-
law detection conditions are obtained from it [14]:
Rdiff = Rj =
1
dI
dV
=
dV
dI
(4.5)
RI =
d2I
dV 2
2
(
dI
dV
) (4.6)
The equivalent circuit model of Schottky diode is the following:
Figure 4.10: Equivalent circuit model of a Schottky diode.
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Different parameters that appear in Equations 4.4 - 4.6 and in the
equivalent circuit model are the following:
Differential Resistance (Rdiff) or Junction Resistance (Rj) It is
the relation between the applied voltage and the obtained current in the
diode’s junction.
Ideality Factor (η) Accounts for unavoidable imperfections in the
junction and for other secondary phenomena that thermionic emission
theory cannot predict [15]. η = 1 means pure thermionic emission, and
its increase would be due to any deviation from this ideal model [12].
Typical values range from 1 to 2.
Series Resistance (RS) Is a parasitic series resistance associated with
the bulk semiconductor substrate and any contact resistance arising from
soldered connections, whisker, etc. [14]. The lower this value is the better
the SBD is because it means that diode has low losses. Typical RS values
in millimetre and sub-millimetre bands are <10 Ω.
Junction Capacitance (Cj) The capacitance of a Schottky barrier
chip results from two sources mainly: the depletion layer under the
metal-semiconductor contact and the capacitance of the oxide layer un-
der the bonding pad [16]. This is a critical parameter for high frequency
diode operation. The lower the capacitance is, the higher the working
frequency is. Values lower than a few fF are needed for millimetre and
sub-millimetre wave operation. When no bias is applied to the diode
(Zero bias) then Cj = Cj0.
Saturation Current (IS) This current depends on the junction area,
and the metal and semiconductor used to form the junction [14].
Leakage Resistance (Rl) or Conductance (Gl) A diode ideally only
has current when is forward biased but, in fact, it also has when it is
reversely biased so that a small amount of current appears. This rela-
tion between the applied voltage and the reverse current is the leakage
resistance (Rl = 1/Gl). Typical values of this resistance are in the order
of kΩ - MΩ.
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Knowing all this parameters is a critical point when designing a QO
SBD detector, not only to know the maximum responsivity that can
be achieved, but also because the input impedance of the diode is a
key factor when designing the optimized antenna and the low frequency
circuit attached to the diode. This diode characterization is done in
Section 4.2.2.
SBD and QO SBD Detectors State-of-the-Art
Detectors based on SBD rectifiers are nowadays one of the most used
detectors in the THz and sub-THz frequency band. This is due to the
fact that they are able to operate cooled or un-cooled, they are easy to
integrate with other devices, they can operate with no biasing (zero bias
Schottky diodes) and their performance is similar to thermal detectors
in terms of both responsivity and NEP. The problem of those devices
comes from the presence of parasitic effects that limit their use in higher
frequencies. The current cut-off frequency of SBD are in the order of
tens of THz but this does not mean that they can be used up to these
frequencies, mainly because the parasitic effects.
There exists commercially available waveguide SBD detectors. For
instance, Virginia Diodes [8] provides SBD detectors in waveguide pack-
aging with responsivity values of 2500 V/W and NEP of 2 pW/
√
Hz at
frequencies around 100 GHz respectively and a responsivity of 100 V/W
and NEP of 40 pW/
√
Hz at 1 THz. In [17] authors obtained a responsiv-
ity value of around 23000 V/W at 90 GHz with a NEP of 0.21 pW/
√
Hz.
Regarding QO SBD detector, responsivity values typically range from
300 to 1000 V/W over a frequency range from 150 GHz to 400 GHz
[3]. Virginia Diodes [8] provides QO SBD detectors in the 100 GHz
to 1 THz range with a typical responsivity of 500 V/W while ACST
GmbH [18] provides responsivity values of around 800 V/W at 100 GHz
and 3 V/W at 1 THz (not including the pre-amplifier), with typical NEP
of 4 pW/
√
Hz at 100 GHz and 100 pW/
√
Hz at 1 THz. It has to be
pointed out that QO SBD detectors have lower responsivities and higher
NEP values than SBD detectors because not only the isolated diode af-
fects the overall performance, but also the antenna, the lens and the low
frequency circuit.
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4.2.2 Zero Bias SBD Characterization
In this section, the zero bias SBD used in the development of the QO
SBD power detector is presented. The Schottky diode is fully charac-
terized by low frequency and high frequency measurements so that an
equivalent circuit can be obtained. With such equivalent circuit, the
optimal antenna can then be designed.
The zero-bias detector diodes are fabricated by the Film-Diode pro-
cess recently developed by ACST GmbH [18], which aims at ultimate
performance in millimetre and sub-millimetre wave devices. Diode fabri-
cation implies two-side processing of the semiconductor wafer. Schottky
contact is formed on the front side of the epilayer, whereas the ohmic-
contact consists of two elements: one of them is around the Schottky
contact on the top of the epilayers, whereas the second one is formed by
the back side metallisation process directly under the Schottky contact.
This approach reduces the series resistance of the diode and facilitates
the uniform distribution of the current density across the whole anode
area. This reduces the excess noise, which may be caused by local current
overgrowing.
Two mesas are formed from the epilayer. The cathode mesa is formed
directly under the Schottky contact. The anode mesa maintains struc-
ture planarity and does not affect the electrical performance of the diode.
Both mesas are metallised from the back side with an Ohmic metallisa-
tion and also serve as contact pads for the discrete diode structure.
Mechanical robustness of the whole structure is provided by a few mi-
crometer thin transferred membrane substrate. The membrane-substrate
is optically transparent. This feature greatly facilitates accurate posi-
tioning of the diode structure for its mounting onto the antenna feed. A
photograph of the Schottky diode across a 70µm gap on CPW line on
50 µm quartz glass can be seen on Figure 4.11
The design and realization of the Schottky barrier diode receivers
require the knowledge of a large number of diode parameters that define
the diode’s performance and which are essential for accurate non-linear
simulations. Since standard direct C/V measurements fail for this diode
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type, due to the low zero-bias junction capacitance in combination with
the low differential resistance at 0 V, a detailed RF characterization is
essential for a correct parameter extraction in order to achieve reliable
simulation results for the receiver design. Therefore the Schottky diode
is mounted on CPW test structures (Figure 4.11), and measurements
are performed within the relevant RF frequency band.
The main parameters that need to be extracted from the measure-
ments are the diode’s saturation current Is, the zero bias junction ca-
pacitance Cj0, the series resistance Rs, the ideality factor η and also
the diode parasitic elements as the parallel capacitance Cp and junction
leakage conductance Gleak. Traditionally, these parameters can be ex-
tracted by I/V measurements for low frequency characterization and a
LRC-meter to obtain the capacitance. Unfortunately, because of the low
value of the zero-bias junction capacitance Cj0 and low differential resis-
tance Rdiff of the detector diode at 0 V it is not possible to measure it
with a LCR-meter and precise S-parameter measurements must be un-
dertaken to obtain Cj0. Both I/V and S-parameters measurements were
carried out in the laboratories of the Technical University of Darmstadt
(TUD).
Figure 4.11: Photograph of the zero bias Schottky diode placed over a
CPW line for characterization purposes with the vector network analyser.
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I/V Measurements
The typical I/V curve of the diode is measured using first a picoam-
perimeter from Keithley (Figure 4.12a) and then a precision semicon-
ductor parameter analyser from Hewlet Packard (Figure 4.12b). In both
cases, the probe station showed in Figure 4.12c is used. The obtained
results can be seen on Figure 4.13. In such plot not only the I/V curve of
the Schottky diode is shown but also the differential resistance Rdiff and
the current responsivity as defined in Equations 4.5 and 4.6 respectively.
An excellent current responsivity value of 14.5 A/W with a typical differ-
ential resistance of 273 Ω can be extracted (voltage responsivity of 14.5
A/W × 273 Ω = 3958 V/W).
Following the methodology presented in [19] which, in fact, follows
the one presented in [13], series resistanceRs, ideality factor η, saturation
current Is and junction leakage conductance Gleak can be obtained [14].
(a) (b)
(c)
Figure 4.12: Devices used for obtaining Schottky diode I/V curve. (a)
Keithley 487 Picoammeter, (b) Precision semiconductor parameter
analyser Hewlet Packard 4156A and (c) Probe station.
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Figure 4.13: I/V measurement results for the applied diode type.
First and second derivatives of Equation 4.4, neglecting the second
term due to the very high value of parallel leakage resistance, leads to:
dV
dI
=
ηkT
q
1
I + Is
+Rs (4.7)
d2V
dI2
= −ηkT
q
1
(I + Is)
2 (4.8)
and equations 4.9 and 4.10 can be derived:
I =
√
ηkT
q
√
−d
2V
dI2
+Rs (4.9)
dV
dI
=
√
ηkT
q
√
−d
2V
dI2
+Rs (4.10)
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From Equations 4.9 and 4.10, Rs, η and Is can be obtained. If we
plot I from Equation 4.9 against 1/
√
−d2V/dI2, η can be obtained from
the slope of the plot and Is from the intercept with I = 0. In addition,
knowing the value of Is, Rs can be obtained from the plot of Equation
4.7 against 1/ (I + Is) when dV/dI = 0 and η can be confirmed from the
slope of the curve. An alternative method is to use the Equation 4.10.
Again, the ideality factor η and series resistance Rs can be obtained
from the slope and the interception with y-axis, respectively, of the plot
of Equation 4.10 against
√
−d2V/dI2.
In the reverse bias region, the leakage current becomes more impor-
tant [13] and then Rl can not be neglected in Equation 4.4. Following
the same procedure as before but without neglecting leakage resistance
the following expression is obtained [13]:
−d
2V
dI2
/
(
dV
dI
−Rs
)2
=
q
ηkT
[
1− 1
Rl
(
dV
dI
−Rs
)]
(4.11)
In usual circumstances, Rs is much smaller than dV/dI in most of
the reverse bias region [13], so it can be neglected. Then, by plotting(−d2V/dI2) / (dV/dI)2 against dV/dI, leakage resistance Rl = 1/Gleak
and ideality factor η can be estimated.
Following that procedure with our SBD and making use of additional
curve fitting by comparing the Agilent ADS [20] DC diode model with
the measured I/V curve, the values of table 4.1 from I/V measurements
were obtained.
From I/V measurements From S-Parameter measurements
Rdiff [Ω] Resp.[A/W] Rs [Ω] Is [µA] η Gleak [µS] Cj0 [fF] Cp [fF] Ls [pH]
273 14.5 3.0 105 1.20 460 33.1 2.9 33
Table 4.1: Extracted parameters of zero-bias Schottky diode
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S-Parameters Measurements
In order to obtain the value of the junction capacitance Cj0, as well
as the parasitic capacitances and inductances of the diode, S-parameters
measurements in the W-Band (70 GHz - 110 GHz) were undertaken. To
be able to extract the diode impedance, the effects of the CPW line
where the diode is mounted (Figure 4.11) should be eliminated. To do
so, a Thru-Reflect-Line (TRL) calibration [21] must be done. Following
Agilent TRL calibration rules [21], 3 standards were designed as well as
test structures in CPW with several gaps in order to measure transmis-
sion and reflection. These calibration standards are the so called Reflect
standard, which is a CPW line ended in an open or short circuit, the
Thru standard which is a CPW line with length equal to 2 times the
Reflection standard length and the Line standard which is a CPW line
with a length equal to the Thru standard plus λ/4 at calibration cen-
tral frequency. Measurements were carried out with a vector network
analyser from Anritsu with external headers to measure in the W-Band
(Figure 4.14).
(a)
(b) (c)
Figure 4.14: Devices used for obtaining Schottky diode capacitances
and inductances. (a) Whole set-up, (b) Anritsu Vector Network Analyser
(c) Probe station.
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Figure4.16:MeasuredinputimpedanceoftheSBD
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EquivalentCircuit Model
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Makinguseofboththelow-frequencyandhighfrequencymeasure-
ments,withthediodeparametersobtainedfromSection4.2.2andthe
othervariablesextractedbyperformingthecurvefittingtothemea-
sureddata,theequivalentcircuitofFigure4.10isobtained,withthe
parametersshownonTable4.1.
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lations,AWRMicrowaveOffice[22]wasusedascircuitsimulator.The
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equivalentcircuitmodelperfectlyfitswiththemeasureddata.
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Figure4.18:MeasuredandsimulatedinputimpedanceoftheSBD.
Withtheequivalentcircuitmodelobtainedinthissectionmilimetre-
wavecircuitscanbedesignedaccurately.Thisequivalentcircuitisakey
steptodevelopthedetectorinthenextsection.
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4.2.3 Receiver Design and Characterization
Once the SBD has been fully characterized, in this section it is in-
tegrated with other devices in order to obtain a compact receiver. The
receiver is based on a SBD module, operating in the E-band (71 GHz -
76 GHz) and direct envelope detection is used, avoiding the need of a LO
signal. The receiver module, shown in Figure 4.19, comprises a hyper-
hemispherical Si lens, a zero-bias SBD which is mounted on a planar
antenna, and a 50 Ω low frequency impedance matching output transi-
tion. Since the output of the receiver is a 50 Ω CPW line, the inclusion of
a video amplifier is possible. It can be either directly soldered to the line
over FR-4 or connected by a SubMiniature version A (SMA) connector
at the output of the SBD receiver.
Antenna Design
Three different antenna designs have been tested, analysing the re-
ceiver performance. Each one of them has been designed in order to max-
imize the power delivered from the antenna to the SBD at the millimetre-
wave carrier frequency range, matching the impedance of the antenna to
the Schottky.
The receiver core is formed by the zero-bias Schottky diode presented
in the previous section and the planar antenna. The interaction of the
two elements at the carrier frequency (within the 71 GHz - 76 GHz fre-
quency band) can be analysed with the high frequency band equivalent
circuit presented in Figure 4.20.
In the design of the antenna, both gain (directivity × radiation ef-
ficiency) as well as the matching between antenna and active element
(matching efficiency) need to be taken into account [23–28]. In the next
paragraphs, we will discuss the impedance match at the carrier frequency
through the optimization of the mismatching factor (M-factor), defined
as the ratio between the power delivered to a load (PL) and the maxi-
mum power available from a generator (Pavs) [29,30]:
M =
PL
Pavs
=
4RdRa
(Ra +Rd)2 + (Xa +Xd)2
(4.12)
163
CHAPTER 4. SUB-THZ DETECTORS
(a)
(b) (c)
Figure 4.19: Schematic of the QO SBD Video Detector with log-spiral
antenna. Materials: dark blue part is the silicon lens and silicon
substrate where the gold (yellow part) planar antenna is grown, while the
green part is FR-4 material and the brown part is copper. The bonding
wires are included to connect gold lines over silicon to copper lines over
FR-4 and a metallic wire is inserted to interconnect both ground planes
of CPW line. The Zero Bias Schottky diode is epoxied in the middle of
the antenna. (a) Complete QO SBD Video Detector 3D schematic. (b)
Antenna zoom. (c) Schottky diode zoom.
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Figure4.20:HigherbandequivalentcircuitoftheSDBreceiver
whereZd = Rd+Xdistheimpedanceofthediode(load)and
Za=Ra+Xaistheimpedanceoftheantenna(generator)(seeFigure
4.20). When M=1altheavailablepowerfromthesourceisdelivered
totheloadanditcanbeobtainedthewelknownconjugatematching
conditionwhichstatesthatthemaximumpowertransferredtotheload
isachievedwhenZa=Z∗d(Γa=Γ∗d).Takingthisintoaccount,aswel
astheSBDimpedanceobtainedintheprevioussection,anantennawith
a14.5+43.
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We have designed and fabricated three different planar antenna types:
meander dipole [31], log-spiral and log periodic [32], to evaluate which
one provides the best performance to the receiver module (see Section
1.2.2 for more information on these antennas). The three designs are
depicted in Figure 4.22.
(a) (b) (c)
Figure 4.22: Antennas designed. (a) Meander Dipole, (b) Log-Spiral
and (c) Log-Periodic. Units in µm.
The first one, shown on Figure 4.22a, is a meander dipole antenna
which has been widely used in receiver designs due to its very high in-
put impedance. This antenna has been demonstrated to be suitable for
some devices such as photomixers [26, 27]. Since photomixers have an
important capacitive part at its input impedance, which implies a loss
of power because the M-factor decreases drastically, traditionally this
capacitive part has been compensated including a RF filter with an in-
ductive part [28] (see Section 3.2 for more information). However, this
results in an increase on the complexity and dimensions of the receiver.
The main idea with the meander dipole antenna design is to use it out
of its main resonance [29], at lower frequencies, where it exhibits an in-
ductive behaviour (very low real part and higher positive imaginary part
of its input impedance). With such design, we expect to achieve direct
conjugate matching between antenna and Schottky diode without addi-
tional elements. The dimensions of the antenna can be seen on Figure
4.22a, the input impedance in Figure 4.23 and the simulated mismatch-
ing factor is plotted in Figure 4.24. At 76 GHz the input impedance of
the antenna placed over a semi-infinite silicon substrate is 9.3 + 42.8 Ω
so an M-factor equal to 0.96 is expected. The main challenge with the
meander dipole antenna is that it is a highly resonant antenna, so a small
variation in the manufacture process would change its response. More-
over, we have designed the antenna to work out of its main resonance
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soitisexpectedthattheradiationefficiencywouldbelower.Ithas
beenobservedthatatmainresonancethesimulatedradiationefficiency
isclosedto70%,whileat76GHzitis38%(seeFigure4.25).
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Figure 4.25: Simulated radiation efficiency of the three planar antennas
placed over semi-infinite silicon substrate.
In order to compare the performance achieved by the meander dipole
design, two broadband antennas were also proposed: a log spiral (Figure
4.22b) and a log periodic (Figure 4.22c). These are broadband antennas
that will make full use of the broadband nature of the QO approach.
The log-spiral design parameters are:
r1 = ke
αφ, r2 = ke
α(φ−δ) (4.13)
where r1 and r2 represent the inner and external radius of the spi-
ral, respectively. In our particular design k =100 µm, α = 0.3, φ = 5◦
and δ = 90◦. The log-periodic antenna was designed with τ = σ2 = 0.5,
where τ is the ratio of the radial sizes of successive teeth, and σ is the size
ratio of tooth and anti-tooth. For the sake of comparison, the designed
mismatching factor within the E-Band for the three antenna designs are
plotted together in Figure 4.24. As the M-factor for both broadband
antennas is nearly constant around 0.5, a 3 dB improvement would be
expected with the meander dipole antenna. But not only the mismatch-
ing factor is important. Also the radiation efficiency must be taken into
account. In Figure 4.25 simulated radiation efficiency of the three anten-
nas when placed over semi-infinite silicon substrate is depicted. It can
be seen that while both broadband antennas have a radiation efficiency
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close to 100 %, the meander dipole radiation efficiency is much lower.
For the shake of comparison, the total efficiency is plotted in Figure
4.26. It can be seen that all the improvement made with the meander
dipole in the mismatching factor is lost due to its low radiation efficiency
value. In this particular case the obtained improvement is not as good
as the one obtained in Section 3.2 of these Ph.D. dissertation. This is
due to the fact that input impedance of the diode is closer to the input
impedance of broadband antennas over silicon substrate in comparison
with the photomixer case. So the improvement in the M-factor is not as
big as the one obtained in the Section 3.2. Regarding the two broadband
antennas, log-periodic have around 3 dB more total efficiency due to its
lineal polarization.
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Figure 4.26: Simulated total efficiency of the three planar antennas
placed over semi-infinite silicon substrate.
Hyperhemispherical Silicon Lens
Once the three planar antennas have been presented and designed,
and the matching between the Schottky diode and the planar antennas
has been studied, the next step is to maximize the directivity specifying
a suitable dielectric lens in order to provide focusing capabilities and
control surface waves [33]. This section discusses the design of the lens
parameters to increase the receiver directivity.
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Among the different types of dielectric lenses, we have selected a
hyperhemispherical silicon one (Section 2.5) due to its good performance
and its easiness of manufacture. Using an in-house program based on
PO [34] (Section 2.5), we have analysed the silicon lens in order to obtain
maximum directivity. The results are presented in Figure 4.27, where the
simulated directivity obtained as a function of the lens diameter (D) and
slab length (L) is plotted for the three antennas. For a lens diameter
of 20 mm, a directivity of 19.7 dB is expected for the meander dipole
while the broadband antennas are around 21.5 dB. In Figure 4.27b it
can be seen how as we change the slab length, the directivity obtained
changes as we move far away or closer to the lens focal point. For 20 mm
diameter lens a slab length of 3.5 mm is observed to be the optimal one.
A 20 mm diameter lens has been selected because it provides a high value
of directivity while maintaining a reasonably low value of propagation
losses. In addition, selecting a bigger lens results in an increase in the
manufacturing complexity as well as in the overall receiver size.
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Figure 4.27: (a) Simulated directivity as a function of the lens
diameter (L=0.35*D/2), (b) Simulated directivity as a function of the
slab length for a lens diameter of 20 mm.
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CPS - CPW 50 Ω Transition
Once the optimized silicon lens dimensions and the three planar an-
tenna designs have been specified, we now turn to the baseband fre-
quency problem. Usually, designers are only concerned on the high fre-
quency band that we have discussed previously, to maximize the power
delivered from the antenna to the diode. However, it is also important
to quantify the losses between the Schottky diode and the output in the
overall receiver at the data frequency (which it is assumed to be around
1 GHz), especially in the case of a QO receiver module, in which no
amplifiers can be located between the antenna and the SBD.
For this purpose, we required the measurement of the scattering pa-
rameters of the antenna on its location within the receiver module, which
is the antenna grown over high resistive silicon, with an output CPS line,
a bond wire to a CPS over FR-4, with the whole block mounted on the
20 mm diameter silicon lens. The schematic of the measurement set-up is
provided for the Log-Spiral antenna in Figure 4.28, where it is indicated
the used scattering parameter ports. The same set-ups were used in the
case of the Meander Dipole and the Log-Periodic antennas. Detail of the
manufactured antennas can be seen in the photographs of Figure 4.29.
Figure 4.28: Schematic of s21 and s22 measurements. In the Port 1 the
Schottky diode would be mounted. Antenna is made of gold and grown
over high resistive silicon. Bonding wires are included to go from silicon
substrate to FR-4 substrate.
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(a) Meandered Dipole (b) Log-Spiral (c) Log-Periodic
Figure 4.29: Photograph of the manufactured antennas.
We have characterized the three receivers by measuring their s21 and
s22 scattering parameters. While the s21 parameter allows us evaluate
the losses along the antenna, the CPS line and the bonding wires, the
s22 measurements quantify the mismatching between the CPS port (Port
2), and the Schottky diode. The most important results come from the
s22 measurements with the Schottky diode mounted in Port 1, which
indicate the need of a transition or impedance matching network between
the antenna and the output leading to a video amplifier. Results can be
seen on Figure 4.30a and 4.30b. In the three cases, a reflection coefficient
of about 0.75 (−2.5 dB) is obtained at 1 GHz, so we are losing more than
3.5 dB due to mismatching between the port and the antenna + diode.
These data allowed us to design an optimal transition between the an-
tenna CPS line to a CPW on FR4 Printed Circuit Board (PCB) in order
to provide a 50 Ω output impedance to which a video amplifier can then
be used, reducing the back reflections. The overall circuit consists on
a CPS-CPW transition with a CPW stepped impedance matching net-
work. It has been optimized with the full-wave electromagnetic simulator
CST Microwave Studio [35]. An schematic of the designed transition can
be seen on Figure 4.31. The simulated results after optimization can be
seen on Figure 4.30c and 4.30d, where the best matching is achieved at
1 GHz (s22 < −15 dB).
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Figure4.30:s22measurements(100MHz-2GHz).Beforematching
network:(a)Smithchartand(b)rectangularplotindB.s22simulations
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Figure4.31:DesignedCPS-CPW50Ωtransition.Brownpart
correspondstocopper,greenparttoFR-4substrateandthesquaredhole
intherightiswheretheantennawithSBDandsiliconlensareplaced.
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Receiver Assembly
The assembled QO SBD module is shown in Figure 4.32. The size
of the uncased SBD module is approximately 20×60 mm2, not including
the SMA output connector and the lens (20 mm). The SBD chip was
mounted on a high resistive silicon substrate, on which the antenna was
fabricated. This substrate is then mounted on the hyper-hemispherical
Si lens, in a face-up configuration so that the mm and sub-mm waves
are introduced from the backside of the wafer in order to make the
dielectric constant discontinuity between the planar antenna and the Si
lens smaller and to make the electrical connection easier. The silicon
lens (as mentioned before) was designed to have a point-focus for plane
wave input signal, and it has no anti-reflection coating. The output is
provided on an SMA connector.
(a)
(b)
Figure 4.32: Photograph of the receiver module: (a) Front view of the
cased module showing the Si lens, and (b) Back view of uncased module,
showing the Log-Spiral antenna on High Resistive Silicon (HR-Si) and
the impedance matching transition to the SMA output connector.
174
4.2. QO SBD DETECTOR
Characterization of the Receiver Module
We have compared the performance of broadband versus resonant
antennas comparing the responses of the Meander dipole, Log-Spiral
and Log-Periodic receiver modules. They were measured over the entire
E-band (60 - 90 GHz) using a frequency multiplier and frequency syn-
thesizer (complete measurement set-up in Figure 4.33 and 4.34). A large
aperture absolute power-energy meter from Thomas Keating Ltd. (Sec-
tion 4.1.2) was used to estimate both total radiated power by placing it
directly at the output of the E-band source as well as to estimate the
power density in the detector plane (at 65 cm distance from the output
horn).
Figure 4.33: Responsivity measurement setup.
The responsivity (γV/W ), as the signal produced by the power arriv-
ing to the SBD receiver, is shown on Figure 4.35. In order to estimate
the responsivity of module, we used the simulated directivity of the three
antennas. With this value we can now calculate the effective area of each
of them:
γV/W =
V0
PSBD
=
2
√
2V RMS0
< PRX > Aeff
(4.14)
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Aeff =
λ20
4pi
D (4.15)
where V RMS0 is the output Root Mean Square (RMS) voltage of
the lock-in amplifier, PSBD is the power arriving on the SBD receiver,
< PRX > is the power density at the detector plane, Aeff is the effective
area of the lens + antenna and D is the simulated directivity.
(a)
(b) (c)
Figure 4.34: Devices used for responsivity and NEP receiver
characterization. (a) Anechoic chamber, (b) Millimeter Wave Generator
G4-143e (c) Pyramidal horn antenna.
The effective area normalized peak responsivity of the diode in the
71 GHz - 76 GHz band is found to be 814.4 V/W and 740.3 V/W for the
meander dipole and the log spiral antenna respectively. The module with
log-periodic antenna exhibits a responsivity value reaching 1278 V/W at
72 GHz, establishing this as the optimum frequency to operate a wire-
less link using this module. These values have to be compared with the
highest achievable responsivity for these devices of 3958 V/W which can
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be derived from low-frequency characterization (see Figure 4.13) under
assumption that we have a perfect impedance match and there is no loss
in parasitic series resistance. This difference from the highest achievable
responsivity can be explained by the 3 dB losses due to mismatch be-
tween the log periodic antenna and the SBD (Figure 4.24) and 1.5 dB
additional losses such as reflections in the silicon-air interface, misalign-
ments in the measuring process, polarization, etc. On the other hand, the
poorer behaviour of the meander dipole is attributed to a low radiation
efficiency. As mentioned before, the meander dipole is working out of its
main resonance, so a lower radiation efficiency is expected. Looking into
the results and assuming that perfect matching is obtained at 74 GHz,
29 % (−5.37 dB) radiating efficiency is calculated, which is close to the
38 % simulated value obtained in the Section 4.2.3. This value is calcu-
lated by knowing that meander dipole is 814.4/3958 = 0.2058 (−6.87 dB)
away from maximum responsivity value and estimating 1.5 dB additional
losses such in the log-periodic and log-spiral cases. With such assumption
−5.37 dB (−6.87 dB + 1.5 dB) radiation efficiency is calculated. With
respect to the broadband antennas, we have used a log-periodic design
on the wireless transmission experiment since we expect to have a re-
sponse 3 dB above the log-spiral due to the circular polarization losses
on the log-spiral receiver module.
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Figure 4.35: Responsivity spectra measured over the E-band for the
Meander Dipole, Log-Spiral and Log-Periodic receiver modules.
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To observe the broadband behaviour of both broadband designs (log-
periodic and log-spiral receiver modules), measurements in the F-Band
(90 GHz–140 GHz) were also carried out. Results of responsivity of both
modules from 60 GHz to 140 GHz are plotted in Figure 4.36. Regarding
the NEP, a value of 2.5 pW/
√
Hz is estimated taking into account only
the thermal noise [3].
70 80 90 100 110 120 130
0
500
1000
1500
Freq [GHz]
R
es
p 
[V
/W
]
 
 
LogSpiral
LogPeriodic
Figure 4.36: Responsivity spectra measured over the E-band and
F-Band for the Log-Spiral and Log-Periodic receiver modules.
The observed results are in the order of previous reported quasi op-
tical SBD receivers. In [8] a typical responsivity value of 500 V/W in
the 100 GHz - 1 THz is presented, while in [36] a peak of 1000 V/W at
300 GHz is obtained. The main advantage in our designs is that they
don’t have any amplifier nor bias to the diode, so no external power is
needed to make them work.
4.2.4 Wireless Link at 72 GHz
For realization of an ultra-wideband photonic E-band transmitter
[37], [38], comprising a flat frequency response over the 71 GHz - 76 GHz
frequency band, novel InGaAs(P)/InP-based 1.55 µm double mushroom-
type waveguide High Speed Photo Diodes (HS-PDs) were developed and
fabricated using conventional photolithography, selective wet-chemical
as well as dry-chemical etching and metal evaporation.
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In detail, the active HS-PD structure features a partially p-doped,
partially non-intentionally doped InGaAs core layer. The active absorb-
ing core is additionally wet-chemically under-etched, forming a mush-
room shape structure, to overcome the trade-off between the junction
capacitance and the series resistance [39]. For efficient fibre-chip coupling
considering the coupling loss of ∼ 1.7 dB at the chip facet, a mushroom-
type approach is applied for the InGaAsP/InP-based Passive Optical
Waveguide (POW). This topology provides low-loss optical mode prop-
agation up to the opto-electrical conversion within the active HS-PD
section utilizing vertical mode coupling in the order of 90 %. Based on
Beam Propagation Method (BPM) analyses, an absorption rate larger
than 70 % within the ∼ 20 µm active photodiode length was achieved.
The pioneer approach relating to the integration of a mushroom-type
POW and further details were already reported in [40].
For characterization, a coplanar 50 Ω RF probe was used to measure
the RF power levels generated by the HS-PD with a tapered Grounded
Coplanar Waveguide (GCPW) circuitry connected to GCPW bond pads,
which are matched to a 50 Ω output impedance. A microscope photo-
graph of the fabricated HS-PD in-line with a tapered single-mode fibre
for optical coupling and a coplanar RF probe for electrical coupling is
presented in Figure 4.37.
Figure 4.37: Top view of the fabricated 1.55 µm double-waveguide
HS-PD in-line with a tapered single-mode fibre and a coplanar RF probe
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Applying a driving voltage of -8 V to the uncooled operated HS-PD
without an anti-reflection coated facet, an output RF power exceeding 0
dBm (1 mW) is achieved at a frequency of 72.8 GHz and a 16 mA pho-
tocurrent level. Additionally, high linearity of the HS-PD speaks in its
favour since no saturation of the output power increasing quadratically
with the photocurrent is identified up to the photocurrent of 16 mA.
For safety reasons, the HS-PD was only tested up to 16 mA in order
not to thermally destroy the HS-PD without additional cooling. Maxi-
mum photocurrent levels for safe and cooled operation are expected to
exceed 16 mA. Besides the achieved power levels and the high-linearity
behaviour, the HS-PDs also deliver an excellent frequency flatness of
< ±0.5 dB and a return loss of >20 dB along the entire 70 GHz frequency
band.
For validating the fabricated high-power HS-PD and the SBD module
with the log-periodic antenna, a Radio-over-Fibre (RoF) system experi-
ment has been set-up (Figure 4.38).
Figure 4.38: Schematic of the 71 - 76 GHz RoF set-up for validating
the high-power HS-PD and SBD module.
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In this wireless transmitter unit, the RF carrier in the frequency range
of 71 GHz - 76 GHz is generated by Double Side-Band Suppressed-Carrier
(DSB-SC) optical modulation [41]. This is achieved by modulating the
single wavelength from a 1550 nm external cavity laser with a single-
drive Mach-Zehnder Modulator (MZM) biased at Vpi , i.e. the MZM is
operated at the Minimum Transmission Point (MTP) [41]. Hence, the
frequency of the driving LO is doubled and consequently, a LO frequency
of fLO/2 = 36.4 GHz is used for generating a wireless carrier frequency
of 72.8 GHz.
The generated optical mm-wave signal is then coupled to a second
MZM which is biased at quadrature and modulated by a 1 Gbit/s Non-
Return-to-Zero On-Off-Keying (NRZ-OOK) data signal. For our exper-
iments, we used a pseudo-random binary sequence with a word length
of 231 − 1. An Optical Band-Pass Filter (OBPF) is used to remove
Amplified Spontaneous Emission (ASE) noise from the utilized Erbium
Doped Fibre Amplifier (EDFA) and an optical attenuator is used for con-
trolling the optical power (not shown in Figure 4.38). After fibre-optic
transmission to the wireless RoF transmitter via standard Single Mode
Fibre (SMF), the 1 Gbit/s signal is o/e-converted using the high-power
1.55µm HS-PD described previously. As shown in Figure 4.37, a copla-
nar ground-signal-ground RF probe is used for electrical coupling. Addi-
tionally, an external bias-tee is employed to separate the RF signal from
the bias voltage applied to the HS-PD. Thereafter, a coax-to-WR15-
transition connects the bias-tee to a standard WR15 horn antenna with
about 20 dB gain, where the RF signal is transmitted.
In the wireless receiver unit, the 72.8 GHz wireless signal is converted
back into a baseband data signal using the Silicon lens integrated SBD
module. This 1 Gbit/s baseband signal is further amplified by a Low
Noise Amplifier (LNA) with 40 dB gain. For performing the Bit Error
Rate (BER) measurements, the power into the HS-PD is varied. Figure
4.39 shows the measured BER versus the optical power launched into
the high-power HS-PD. This figure also shows the eye diagram of the
1 Gbit/s transmitted signal, as applied to the data modulation MZM,
as well as the received signal, amplified by the baseband amplifier after
direct RF to baseband conversion in the Schottky diode, at the out-
put SMA connector. The DC and RF (at 72.8 GHz delivered to 50 Ω)
responsivities of the non-anti-reflection-coated HS-PD chip used in the
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experiment were 0.31 A/W and 0.1 A/W, respectively. The responsiv-
ity of the antenna-integrated SBD module with the Silicon lens is 1326
V/W. The wireless carrier frequency and data rate were 72.8 GHz and 1
Gbit/s respectively.
As it can be seen in Figure 4.39, the eye of the received signal for
the wireless transmission distance of 6 cm is clearly open. This is also
reflected by the BER measurements, indicating “error-free” transmission
with a BER < 2 · 10−10. No error floor is observed from Figure 4.39,
i.e. the wireless distance can be extended. This is an indication that
the system performance is noise limited by distance, and that additional
RF amplifiers would be required to achieve distances in the meter or
even kilometre range. Additionally, the transmitter power can also be
improved incorporating thermal control to the photodiode.
Figure 4.39: BER vs. optical power into the HS-PD and eye diagram of
the transmitted (green, 100 mV/div) and received (yellow, 50 mV/div) 1
Gbit/s NRZ-OOK signal. Optical input power to the photonic
transmitter was measured at the tapered single-mode fibre output.
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4.3 Plasma-Wave Field-Effect-Transistor Detector
Using Broadband and Active Planar Antennas
In this section, first steps towards the implementation of plasma-wave
FET rectifiers detectors in CMOS technology working at 100 GHz and
100 GHz are presented. Two types of FET detectors are designed: single
N channel MOSFET (N-MOSFET) detector with a bow-tie antenna with
the possibility of including a silicon lens for increase directivity and dif-
ferential N-MOSFET detector with differential patch antenna. Both de-
signs are analysed and pros and contras of each of them are commented.
Finally, different prototypes of both of them working at 100 GHz and
300 GHz with different transistor channel lengths are manufactured and
first results are obtained.
This section is organized as follows. First, a brief introduction to
plasma-wave FET rectifiers detectors is carried out. Some historical
background, as well as state-of the art results are commented. In ad-
dition, a theoretical analysis is done and the main parameters are ex-
plained. Then, both topologies are analysed and optimised antennas
are designed. Finally, different prototypes are manufactured with two
foundries and preliminary results are obtained and commented.
4.3.1 Introduction to CMOS Plasma-Wave FET
Detectors
Detectors based on III-V semiconductors, particularly the GaAs and
InGaAs alloys, dominate the fields of heterodyne and direct detection at
millimetre and THz waves. Improving the performance of these room
temperature detectors is a challenge, but improvements continue to be
made. Only in the last few years has the potential of a disruptive com-
peting technology, based on silicon FETs, been recognised. Continuous
improvements in CMOS technology have enabled the necessary few hun-
dred nanometre scale, and smaller, structures to be realised. A number
of groups have begun their research in this field and the test results
from this relatively immature detector field are impressive in terms of
response, noise and frequency coverage. Prototypes of a range of THz
devices such as frequency multipliers, Schottky diodes and novel FET
detectors have all been realised [42].
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To understand the disruptive impact of silicon technology, one needs
to note that the basic wafer material for III-V devices is expensive, and
the device area are minimised to maximise yield. Completed detectors
are soldered or epoxied to an antenna structure, and a separate pre-
amplifier is then connected. Large area arrays are thus composed of
devices interfacing with individually antennas, the latter being in pla-
nar or feed horn form. In comparison, the use of commercial CMOS
technology allows integrating in only one silicon wafer all needed for
a staring imaging array. This includes the planar antennas, detector
devices, pre-amplifier components and connections to signal processing
circuitry. Once the non-recurring foundry investment has been made,
the processing costs and raw materials are comparatively inexpensive,
offering a revolutionary alternative approach to detectors, detectors ar-
rays and THz cameras.
The mechanism on which FETs operate is plasmonic mixing in the
transistors’ channels which was first considered and suggested as a rec-
tifying detection principle by Dyakonov and Shur [9]. Recently, FET
square-law power detectors at THz frequencies have been demonstrated
[43] and the first monolithically integrated CMOS THz focal-plane ar-
ray has been designed and validated [44]. In 2006, the first tentative
experimental quantification of the responsivity and NEP at 700 GHz in
commercial silicon MOSFET was done [45]. This represented a major
milestone for the recognition of the practical potential of this detector
concept. In plasma-wave THz/sub-THz detectors, the working frequency
is much higher than the transit-time-limited cut-off frequency of the tran-
sistors. The performance of the MOSFETs as detectors profits from the
low noise resulting from the zero source-drain-bias operation [46].
At THz/sub-THz radiation, standing plasma waves are developed in
the transistor channel, which is associated to a very high, resonantly
enhanced responsivity of the devices at these frequencies. HEMTs dis-
play this resonant behaviour pronouncedly at low temperature [47]. Sil-
icon CMOS transistors at room temperature, on the other hand, usually
do not because the plasma waves decay on a length scale of a few ten
nanometer, shorter than or comparable to FET’s gate length [44, 47].
Standing waves cannot build up or are weakly developed in this non-
resonant case. Still, mixing is found to be effective enough even in these
CMOS transistors resulting in a suitable comparison with the established
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THz power detectors (Section 4.1.2). The response signal can be given
as:
∆u =
e · u2a
4 ·me · s2
[
1− 1
sinh2Q+ cos2Q
]
(4.16)
where e is the electron charge, ua is the THz voltage on the gate
relative to the source, me is the effective mass of the electron, s is the
plasma wave velocity and Q is the ratio of the gate length to the char-
acteristic length of the voltage decay from source to drain. After some
algebraic operations, in [48], the maximum value of the response signal
is given as:
∆u =
e · u2a
4ηkT
(4.17)
where η is a parameter depending on the sub-threshold slope of the
channel conductivity and k is the Boltzmann constant. From the previ-
ous expression, the responsivity that relates the detected signal to the
THz power can be obtained. It can be seen that, ideally, the responsivity
may become exponentially large below threshold. For actual conditions
this is not realistic since it depends on the antenna coupling and on the
loading effects. Thus, as the input impedance of the read-out circuit
becomes smaller, due to a simple dividing effect, the detected signal will
decrease. A similar effect can be extracted from the imaginary part of
the input impedance since a small capacitance can lead to large RC con-
stants. In this way an increase in the modulation frequency can also lead
to a decrease in the detected signal.
Plasma-wave-based rectification in the non-resonant limit can also
be understood to be an extension of the self-mixing resistive square-law
MOSFET power detector circuit [44], as shown in Figure 4.40. It is
similar to a FET resistive mixer [15] where a capacitor Cgd is included
in order to facilitate self-mixing (v(t)RF = v(t)LO). A planar antenna
is used to concentrate the THz/sub-THz radiation into the transistor,
increasing the effective cross-section. Thus, the voltages at each port
can be written as:
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vgs (t) = vRF (t) + Vg (4.18)
vds (t) = vRF (t) + VRF sinωt (4.19)
As the device is operated in the linear region, the drain current is ob-
tained through the multiplication between the voltage and the transcon-
ductance as:
ids (t) = vRF (t) · gds (t) (4.20)
The transconductance can be written as:
gds (t) = t
W
L
· µ · Cox ·
[
vRF (t)
2
2
+ vRF (t) · (Vg − Vth)
]
(4.21)
where W and L are the width and length of the device channel, Cox
is the gate oxide capacitance, µ is the electron mobility and VRF is the
amplitude of the RF signal.
By taking the DC term in the previous expression it can be seen that
the read-out current is given:
Ids =
W
L
µCox
V 2RF
4
(4.22)
The read-out voltage of the detector can be obtained by multiplying
the dc current by the channel resistance. This can be written, whenever
the drain-to-source voltage is in the linear region, as:
Vds =
Ids
Gds
=
V 2RF
4 (Vg − Vth) (4.23)
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From this expression the voltage responsivity can be obtained as:
Rv =
Vds
Pin
=
V 2RF
4(Vg−Vth)
V 2RF
Rin
=
Rin
4 (Vg − Vth) (4.24)
The maximum responsivity is obtained in the sub-threshold region
since the detection current is generated across a larger internal DC re-
sistance. In Si CMOS technology, on-chip amplification close to the de-
tector prevents external capacitive loading avoiding both the reduction
of the responsivity and the reduction of the bandwidth.
Finally, the NEP defined as the power at which the signal to noise
ratio is unity for a detector time constant of 1 s. It is given as the
ratio between the spectral power density at the drain output and voltage
responsivity.
NEP =
√
N0
Rv
(4.25)
When maximum responsivity is obtained in the sub-threshold region,
minimum NEP is not usually achieved since it requires a higher Vg bias
point for lower channel resistance leading to the minimum noise power
density.
In a resistive mixer, the transistor has to be biased to operate in the
Ohmic region. The channel of a FET, at low drain-to-source voltages, is a
good approximation of a linear resistor. The resistance can be modulated
by applying a LO voltage to the gate. This voltage changes the depth of
the depletion region under the gate and therefore the resistance of the
channel. FET resistive mixers can achieve low conversion loss with low
LO power [15]. Another advantage of resistive mixers is that RF input
and IF output impedances are fortuitously usually around 50 Ω [15], so
antennas can be designed to be matched to typical 50 Ω values and small
losses are expected due to mismatch between the antenna and the active
device. For accurate antenna design, the RF input impedance and the
IF output impedance must be measured to minimize losses, as will be
explained in the next section.
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(a) (b)
Figure 4.40: Single MOSFET detector: (a) planar bow-tie antenna
with integrated FET and (b) circuit implementation of a self-mixing
square-law MOSFET RF power detector circuit.
At THz/sub-THz frequencies, the received field by an integrated an-
tenna is guided to the source/gate contacts of the FET generating a
strongly damped plasma wave which propagates from the source contact
into the channel. The plasma wave is associated with an oscillating for-
ward electric field which drives carriers along the channel, while, at the
same time, the carrier density and, with it, the conductance are mod-
ulated by the gate voltage. The current hence depends (to the lowest
order) quadratically on the oscillating electric field which implies a time-
independent current contribution (rectification). As the mixing process
occurs locally within the channel at any point reached by the plasma
wave, the rectification process is not frequency-limited by the carrier
transit time, which explains why one can detect signals at frequencies
up to one hundred times higher than the cut-off frequency of the FETs,
which nowadays is lower than 100 GHz [46]. Equivalent circuit at these
frequencies is not the same as quasi-static one shown in Figure 4.40 and
a distributed model must be take into account [44]. Advanced equivalent
circuit of these detectors and responsivity and NEP estimations can be
found in [3, 49].
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Plasma-Wave FET Detectors State-of-the-Art
Several groups are developing THz/sub-THz detectors based on this
relatively new technology. For instance, the group from Dr. H. G. Roskos
at the Johann Wolfgang Goethe-Universita¨t in Frankfurt am Main, Ger-
many, have developed detectors based on patch antennas working at
room temperature achieving 350 V/W responsivity at 595 GHz, 30 V/W
at 2900 GHz and 5 V/W at 4100 GHz with a NEP of 42 pW/
√
Hz at
595 GHz and 487 pW/
√
Hz at 2900 GHz without amplification [50].
The group of Prof. Wojciech Knap in France has designed a broad-
band THz detector focal plane array with a responsivity value of 5.3
kV/W and NEP of 8 pW/
√
Hz at 295 GHz and 55 V/W and 900 pW/
√
Hz
at 1.05 THz [51].
Wuppertal University group in Germany presented a focal plane array
working at 650 GHz with a responsivity equal to 80 kV/W and NEP of
300 pW/
√
Hz [44] and it is improved by the use o a silicon lens in [52],
showing an improvement of a factor 2 in both responsivity and NEP.
Authors also developed a 1 k-Pixel video camera for imaging in 65 nm
CMOS [53]. The obtained responsivity is 140 kV/W (with amplification)
and 100 pW/
√
Hz at 856 GHz. The working frequency range is 790 GHz
- 960 GHz.
It can be seen that results are really promising, even taking into
account that this detector technology is relatively immature.
4.3.2 Sub-THz CMOS Plasma-Wave FET Detector
Design and Characterization
From the antenna point of view only two parameters can be optimized
in order to maximize the responsivity of the detector: the radiation effi-
ciency, rad, and the matching efficiency, M. The total efficiency can then
be defined as the product of these two efficiencies and the polarization
efficiency, pol:
tot = rad ·M · pol (4.26)
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This efficiency expresses how far the system deviates from the ideal
detector performance. Maximizing tot will enhance the performance of
the detector and it is the key factor that we have used in the design of
optimised planar antennas.
Two different topologies of detectors have been designed. The first,
broadband, device consists of a bow tie antenna and a single resistive
self-mixing N-MOSFET, as shown in Figure 4.40. The second, reso-
nant, 300 GHz detector consists of differential patch antenna and a N-
MOSFET pair in a differential circuit configuration: Figure 4.41.
(a) (b)
Figure 4.41: Differential MOSFET-pair detector: (a) differential patch
antenna and two FETs and (b) circuit implementation of a self-mixing
square-law differential MOSFET RF power detector circuit.
Single NMOS Detector
With this configuration, low frequency dependence is expected be-
cause the bow-tie antenna has been designed to provide around 50 Ω
source impedance when placed over a silicon substrate. However, since
no ground plane is included, it is expected that its radiation pattern
will be adversely affected by substrate waves in the silicon wafer. The
inclusion of a hyperhemispherical silicon lens is currently under study
in order to avoid such undesired waves and to increase the directivity of
the antenna. Different detecting N-MOSFETs have been designed with
channel lengths in the range 130 nm to 250 nm in order to study the
effect on the frequency dependence and responsivity.
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The bow tie antenna is a particular case of frequency independent
antennas. Its input impedance is approximately given by [32]:
Zin =
60pi√
r
≈ 55Ω (for silicon) (4.27)
Since this antenna has no ground plane, it is expected that radiation
predominantly propagates into the high dielectric constant silicon sub-
strate [33]. In order to reduce the effect of surface waves, as well as to
increase the directivity of the antenna [33], a silicon hyperhemispheri-
cal lens will be included on the reverse of the silicon wafer. A typical
lens of 10 mm diameter and 6.65 mm thickness is used for simulation
purposes: Figure 4.42. The corresponding numerical predictions can be
seen in Figure 4.43. A directivity value of 24 dB is obtained maintaining
a reasonable value of radiation efficiency (77 %).
Figure 4.42: Schematic of the bow tie antenna with an underlying
10 mm diameter and 6.65 mm thickness hyperhemispherical silicon lens.
Differential NMOS Detector
In this second configuration, a differential patch antenna and two N-
MOSFETs in a differential circuit topology have been designed. Patch
antennas have many unique and attractive properties: low in profile,
light in weight, compact and conformable in structure, and easy to fab-
ricate and to be integrated with solid-state devices [32]. Differential
patch antennas [54] have received great attention during the last years
for their use in radio systems.
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(a)
(b)
Figure 4.43: (a) Return losses of the bow tie antenna referred to 50 Ω
and (b) radiation efficiency and 3D radiation pattern at 300 GHz.
This approach is expected to improve the overall behaviour because
it can take advantage of both positive and negative signal cycles. In
addition, differential patch antennas have a virtual ground on the sym-
metry axis. This removes the need for connecting the ground of the
transistors with the antenna ground plane. As consequence, the para-
sitic effect caused by an interconnect is eliminated. The differentially-
driven microstrip antenna can be treated as a two-port network. Its
input impedance is given by [54]:
Zd = 2(z11 − z21) = 2(z22 − z12) (4.28)
And the reflection coefficient:
Γin = s11 − s21 = s22 − s12 (4.29)
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when s11 = s22 and s21 = s12. Full theoretical analysis of this kind
of antenna can be found in [54].
Results of a differential patch working at 300 GHz can be seen on
Figure 4.44.
(a)
(b)
Figure 4.44: (a) Return losses of the differential patch antenna referred
to 50 Ω. (b) Radiation efficiency and 3D radiation pattern at 300 GHz.
Detector Manufacturing
Two different foundries have been considered for the manufacturing
of the prototypes. The main differences between them lies in the thick-
ness of the metal and dielectric layers and the number of them, as well as
material characteristics. An example of a typical CMOS manufacturing
process can be seen on Figure 4.45.
193
CHAPTER4. SUB-THZDETECTORS
Figure4.45:ExampleofatypicalCMOSmanufacturingprocess.The
numberoflayers,dielectricconstant,andthicknessarefoundry
dependent.
Forbow-tiedesigns,thelowestnumberofmetalization+dielectric
layersisusedinordertoreducelosses.Ontheotherhand,inthedesign
ofthepatchantennas,thegroundplaneisincludedinthemetalization
layerjustabovethedielectric2layerofFigure4.45.Inordertoincrease
theradiationefficiencyofthepatchantenna,themaximumnumberof
dielectriclayersisincludedandaluminiumlayersinthesubstrateare
removed.Themetalpatchisprintedonthetopmetalizationlayer.It
iswelknownthatthethickerthedielectriclayersare,thehigherthe
radiationefficiencyis. CMOStechnologyprocessingdoesnotreadily
deliveralayerthickness,h,greaterthan20µm.Inourparticularcase,
hisrestrictedtobebelow15µmsopatchantennaradiationefficiencies
lowerthan60%areexpected.Sincethisantennahasagroundplane,
nodielectriclensisnecessaryandareasonablyvalueofdirectivityisex-
pected.Figure4.44showsthepredictedresultsfromadesignoptimised
foroneofthetwofoundries:thisexhibitsgoodperformanceintermsof
boththereturnlossandtheradiationefficiency(60%).
ThemasktopviewofthemanufactureddetectorsisshowninFigure
4.46. Thesmalerdetectorsaredifferentpatchantennasandbow-ties
designedfor300GHzdetection. Threedetectorsfor100GHzarealso
included(biggerpatch,bow-tieandarc-endedbow-tie).Thesehavealso
beenoptimisedviathemethodsdescribedabove.Inaddition,aphoto-
graphofthedetailofeachtypeofantennawiththebondingwiresto
biasthetransistorsandgettheoutputsignalcanbeseenonFigure4.47.
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Preliminary measurements were undertaken in Rutherford Appleton
Laboratories in the UK. To do so, either a multiplier chain or a pho-
tomixer based source were used. The detector was illuminated with such
sub-millimetre wave source and best results show a voltage responsivity
of 1.53 V/W for the 100 GHz bow-tie at a frequency of 90 GHz and 0.91
V/W for the 100 GHz patch at the same frequency. These results are
still far away from the ones presented in the Section 4.3.1 and further
investigation must be done.
Figure 4.46: Mask top view of the manufactured detectors. Different
colours represent the different metallization layers.
(a) (b)
(c) (d)
Figure 4.47: Photographs of the manufactured CMOS FET detectors.
(a) Patch detail, (b) Bow Tie detail, (c) Bonding wires and (d) Bonding
wires detail.
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4.4 Conclusions
In this chapter, two of the most important THz/sub-THz detectors
were analysed: QO SBD and FET detectors. This devices are ideal
candidates for integration with other devices and on an array configu-
ration due to their compactness, room-temperature operation and good
performance.
In the first section of current chapter, THz/sub-THz detectors were
introduced, showing the importance they have in current wireless sys-
tems. In addition, main detector parameters were presented, paying spe-
cial attention to responsivity and NEP, which are the critical parameters
that define the detector performance. Then, a classification on THz/sub-
THz detectors was done. First classification differentiates between direct
detection and heterodyne detection schemes. In this work, we focused
on direct detectors which don’t need a local oscillator source and then
are easier to implement. Three main groups are differentiated between
direct detectors: thermal detectors, photoconductive detectors and elec-
tronic rectifiers. Each of them has advantages and disadvantages, and
depending on the application one type would be more suitable than the
other.
After the introduction on THz/sub-THz detectors, two sections re-
garding the work carried out by the author are presented. Section 4.2 is
devoted to the design, manufacture and characterization of a QO SBD
detector. A zero bias Schottky diode was fully characterised and with
those parameters three planar antennas were designed to provide differ-
ent capabilities. The whole receiver was manufactured and packaged and
it was fully characterised. Performance of three receivers was compared
and results in the state of the art of this devices at these frequencies
were obtained. Finally, one of the detectors was used as the receiver of a
1 Gbit/s data transmission wireless system showing good performance.
Section 4.3 was devoted to plasma-wave FET detectors based on
CMOS technology. A brief introduction on working principle was car-
ried out and state-of-the-art results were presented. This technology is
a very promising candidate to fulfil the THz/sub-THz detector market
since theoretically they can provide very good performance at room-
temperature and everything can be integrated in a single package and
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manufactured in the same wafer. Broadband (bow-tie) and resonant
(differential patch) antennas were designed to be part of 100 GHz and
300 GHz plasma-wave FET detectors with FETs having different chan-
nel lengths. Various prototypes were manufactured and measurements
were done. Unfortunately, the obtained results are far away from those
reported by other authors and improvements must be undertaken.
The main contributions related with the fourth chapter have been
published or presented in 2 journal papers and 6 conferences (see Pub-
lications section at the end of this document).
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CHAPTER 5
ALTERNATIVE SOLUTION TO IMAGING
AT SUB-TERAHERTZ FREQUENCIES
This chapter is devoted to the design of a focusing system for a
300 GHz radar for security purposes. While previous chapters are fo-
cused on planar antennas and THz/sub-THz subsystems, in this case we
will focus on the design of a complete system. The emitters and receivers
designed in the previous chapters can be used in this focusing system
design. In this case a horn antenna and elliptical mirrors are used, thus
leading to a more complex structure. On the other hand it can handle
more power and provide better focusing capabilities.
The main contribution of the chapter consists of designing the fo-
cusing system in such a way that it can provide scanning capabilities
but, at the same time, the beam is not distorted because it always works
“in-focus”. The focusing system consists of a horn antenna as feeding
element, two elliptical mirrors and a plane one to provide beam-steering
by rotation. Since the only mirror that is rotated to provide scanning
capabilities is the plane one, the target distance is always at the output
focus of the second elliptical mirror, so the beam is not distorted even
for big displacements.
In addition to the proposed system, the design methodology followed
through the chapter is also relevant because it reduces computational
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time and effort, and obtained results are accurate enough. This method-
ology consists on designing the overall system using QO Gaussian Beam
Propagation approximation [1] and use thin lenses instead of mirrors.
Once the main parameters are obtained, then they are translated into
real elliptical mirrors and the overall system is simulated with a full-wave
electromagnetic simulator [2].
5.1 Introduction
One of the main applications of THz and sub-THz technology is tar-
get detection for security purposes. This comes from the fact that most
clothes and envelopes are reasonably transparent at these frequencies
while, at the same time, high image resolution can be achieved. Nowa-
days, a great effort is being made in designing THz imaging systems for
different purposes [3–5].
In order to identify objects hidden behind envelopes or clothes, a
very high resolution (on the order of mm or cm) is needed and, for most
cases, the target is placed at distances larger than a meter away from
the radar. With these assumptions, a focusing system with very high
directivity (and very high resolution as a consequence) is desirable. Such
high directivity can only be obtained by using an array of antennas or a
parabolic or elliptical mirror. In both cases, the structure is very big in
terms of the wavelength, so a large number of computational resources
and relatively long periods of time to carry out appropriate calculations
are required. A tool capable of providing fast and accurate approxi-
mation of the performance of an electromagnetic system in the range
of QOs is desirable and welcomed. The goal is not to completely solve
the electromagnetic problem, but to develop a technique that greatly
reduces the computation time, based on the theory of propagation of
Gaussian beams [1]. Once the main variables are obtained, the whole
electromagnetic problem can be solved by using commercial full-wave
electromagnetic antenna software [2].
In this chapter a focusing system for a 300 GHz radar with 5 m target
distance and 10 mm diameter spot size resolution, defined as the 3 dB
beamwidth, is proposed. The objective afterwards is to include this
focusing system in a THz radar, so the signal generation, as long as the
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digital signal processing units, must be included thereafter. In addition,
a fast and accurate design method which finds the optimal parameters
and reduces the overall computation time is presented.
The resulting focusing system is formed by two elliptical mirrors to
reduce the distortion and cross-polar level [6–8] and a planar one to
provide scanning capabilities. It has to be mentioned that the only
rotating mirror to provide scanning capabilities is the plane one, so this
simple scheme reduces the complexity of previous solutions. Its main
advantage is that it always works “in-focus”, what means that the beam
is almost not distorted when scanning the target. The overall system
is designed in such a way that the output focus of the second elliptical
mirror is 5 m away from it (target detection distance) so when the plane
mirror is rotated the output focus is displaced but it is always 5 m away
from the second elliptical mirror.
This chapter is organized as follows: first, the whole system is pro-
posed and the feeding element is presented. In addition, the focusing
system is analysed using Gaussian Beam QO propagation and the main
parameters are obtained. Then those QO parameters are applied to the
design of real sized parameters elliptical mirrors to obtain the actual fo-
cusing system. This system is validated using full-wave electromagnetic
antenna software [2] and the obtained results are presented. Finally,
some conclusions and future lines are introduced.
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5.2 300 GHz “Always-in-Focus” Focusing System for
Target Detection
In this section the design of a focusing system at 300 GHz is pre-
sented. First, basic QO Gaussian beam propagation theory is introduced
and the main parameters are highlighted. Then, the focusing system is
designed and simulated and its performance is analysed.
5.2.1 Quasi-Optical Gaussian Beam Propagation
Quasioptics deals with the propagation of a beam of radiation that
is reasonably well collimated but has relatively small dimensions when
measured in wavelengths, transverse to the axis of propagation. It spans
the large middle ground between the optics (λ→ 0) and systems whose
size is approximately equal to its wavelength. It is not the objective of
this section to fully develop the QO Gaussian Beam propagation theory.
For a detailed description of such theory the reader is suggested to use
[1]. In this section main parameters are briefly presented and some
interesting points are also discussed.
In systems with λ→ 0 geometrical optics and ray-tracing techniques
can be used. These optical systems main characteristic is that the dimen-
sions of all components (e.g., lenses, mirrors, apertures) are large enough
to neglect the effects of the finite wavelength. On the other hand, on
systems whose dimensions u λ, diffraction effects dominate the propaga-
tion of radiation. Diffraction is the tendency for radiation from a source,
which is relatively small when measured in wavelengths, to change its
distribution as the distance from the source varies. In this situations,
which include the near field of an aperture or antenna, a complex for-
malism to analyse the behaviour of a beam is required, and performing
accurate calculations for real systems is relatively time-consuming [1].
QO includes the realistic and important situation of a beam of radi-
ation whose diameter is only moderately large when measured in wave-
lengths. This allows the theory of Gaussian beam modes and Gaussian
beam propagation to be employed. This formalism includes the effects
of diffraction within reasonable and generally not highly restrictive lim-
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The Paraxial Wave Equation
If we consider a wave propagating along the positive z-direction, the
distribution of the electric field for any component can be written as
(suppressing the time dependence):
E (x, y, z) = u (x, y, z) e−kz (5.1)
where u is a complex scalar function that defines the non-plane wave
part of the beam. Helmholtz equation is:
(∇2 + k2)Ψ = 0 (5.2)
where Ψ represents any component of E or H. This equation in rect-
angular coordinates reduces to:
∂2E
∂x2
+
∂2E
∂y2
+
∂2E
∂z2
+ k2E = 0 (5.3)
and if the quasi-plane wave solution shown in Equation 5.1 is included
it is obtained:
∂2u
∂x2
+
∂2u
∂y2
+
∂2u
∂z2
− 2k ∂u
∂z
= 0 (5.4)
which is sometimes called the reduced wave equation [1].
The paraxial approximation consists of assuming that the variation
along the direction of propagation of the amplitude u (due to diffraction)
will be small over a distance comparable to the wavelength, and that the
axial variation will be small compared to the variation perpendicular to
this direction. With such assumptions, Equation 5.4 reduces to:
∂2u
∂x2
+
∂2u
∂y2
− 2k ∂u
∂z
= 0 (5.5)
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which is called the Paraxial wave equation. Solutions to the paraxial
wave equation are the Gaussian beam modes that form the basis of QO
system design [1].
Gaussian Beam Parameters
The simplest solution of the axially symmetric paraxial wave equation
can be written in the form (cylindrical coordinates):
u (r, z) = A (z) exp
[−kr2
2q (z)
]
(5.6)
with A and q being two complex functions (of z only).
Beam Parameter Is a complex parameter which can be also referred
as complex beam parameter or Gaussian beam parameter. Normally it
is represented as:
1
q
=
(
1
q
)
r
− 
(
1
q
)
i
(5.7)
where the subscripted terms are the real and imaginary parts of the
quantity 1/q, respectively.
Radius of Curvature Determines the radius of the spherical wave front
at an equiphase point (R in the Figure 5.2b). When r  R:
(
1
q
)
r
=
1
R
(5.8)
Since q is a function of z, it is evident that the radius of curvature
of the beam will depend on the position along the axis of propagation
(Figure 5.2b).
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Beam Radius The beam radius (w in the Figure 5.2b) is the value of
the radius at which the field falls to 1/e relative to its on-axis value. It
is given by the following equation [1]:
(
1
q
)
i
=
λ
piw2
(5.9)
Since q is a function of z, the beam radius will depend on the position
along the axis of propagation.
Beam Waist Radius At z = 0 we have from Equation 5.6, u(r, 0) =
A(0)exp[−jkr2/2q(0)], and if we choose w0 such that w0 = [λq(0)/jpi]0.5,
we find the relative field distribution at z = 0 to be:
u (r, 0) = u (0, 0) exp
(−r2
w2o
)
(5.10)
where w0 denotes the beam radius at z = 0, which is called the beam
waist radius.
In the Figure 5.2, an schematic diagram of Gaussian beam propaga-
tion with main parameters is depicted.
5.2.2 System Design
In this section the proposed system is presented and an analysis based
on Gaussian beam QO propagation [1] is performed. The design is based
on a Gaussian beam telescope, where the separation between the two fo-
cusing elements is the sum of their focal lengths. Figure 5.3 shows a
schematic of the proposed focusing system. In this section they will be
represented as thin lenses in order to simplify QO calculations while in
Section 5.2.3 they will be replaced with elliptical mirrors. Elliptical mir-
rors have been chosen because, if properly designed, they can reduce the
distortion effects and the cross polar level [6–8]. Moreover, a paraboloid
system (more than one paraboloid) have fewer degrees of freedom in the
design and a relatively high blockage inevitably happens [1].
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Feeding Element
A corrugated conical horn antenna has been chosen as the feeding
source for the system, since it provides a very good Gaussian beam
over, at least, 1.5:1 frequency range [1]. Moreover, it can handle more
power than any of the current antennas working at these frequencies.
Its dimensions are Lh = 20 mm and a = 3.3 mm (see Figure 5.4), which
are typical ones for 300 GHz operation (λ = 1 mm). With these values
the beam waist (w0) and the location of that beam waist (z0) can be
obtained as [1, 10]:
w20 =
(0.644a)2
1 + 0.6444
(
pia2
λLh
)2 (5.11)
z0 = Lh − (0.644a)
2pi2w20
Lhλ2
(5.12)
For our particular case, w0 = 1.7 mm and z0 = 13.3 mm, so distance
from the beam waist of the horn to its aperture is 6.7 mm (Lh − z0 =
20 mm - 13.3 mm = 6.7 mm). Other QO parameters shown in Figure
5.4 are the distance from the beam waist (z), the beam radius at that
position (w) and the radius of curvature at z (Rz). The predicted 3 dB
beamwidth of the horn is 6.1◦ while its directivity is 24.1 dB in the far-
field.
Figure 5.4: Corrugated conical horn antenna [10].
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Quasi-Optical Design
Taking advantage of the developed tool it is possible now to quickly
calculate the main parameters of our system. The parameters associated
to the feed have already been calculated, so it is necessary to calculate
the other ones in order to obtain a resolution of 10 mm diameter spot
size at 5 m.
Based on the QO Gaussian beam propagation theory the following
ABCD matrix for the system shown in Figure 5.3 is obtained [1]:
[
A B
C D
]
=
[
1 d3
0 1
]
·
 1 0−1
f2
1
 · [1 d2
0 1
]
·
 1 0−1
f1
1
 · [1 d1
0 1
]
(5.13)
Distance d1 has been considered as the distance from the beam waist
of the horn antenna to the first thin lens; d2 is the distance between the
two thin lenses; and d3 the target distance (not the distance from the
second thin lens to the output beam waist).
From the ABCD matrix the output beam parameter of the system
(qout) can be obtained as [1]:
qout =
A · qin +B
C · qin +D (5.14)
where qin is the input beam parameter of the system which depends
on the feeding element in the following way:
qin =
piw20
λ
(5.15)
with w0 the beam waist of the horn antenna. The beam radius and
radius of curvature at the output of the system (wout and Rout) are given
as:
wout =
 λ
pi=
(
− 1
qout
)
 (5.16)
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Rout =
[
<
(
1
qout
)]−1
(5.17)
while the beam waist of the output beam (wout0 ) and the distance
from the beam waist where equations 5.16 and 5.17 are obtained (zout)
can be calculated as:
wout0 =
wout1 +(pi(wout)2
λRout
)20.5
(5.18)
zout =
Rout
1 +
(
λRout
pi(wout)2
)2 (5.19)
Then, the transverse field distribution of the fundamental mode at
zout is obtained [1]:
E(r, zout) =
[
2
pi(wout)2
]0.5
(5.20)
× exp
[
− r
2
(wout)2
− j 2pi
λ
zout − j pir
2
λRout
+ jφ0(z
out)
]
φ0(z
out) = tan−1
(
λzout
piw20
)
(5.21)
where r represents the perpendicular distance from the axis of propa-
gation and φ0(z
out) is the phase shift from the beam waist. Now it is easy
to obtain the 3 dB beamwidth of equation 5.20 and, as a consequence,
the spot size.
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In Figure 5.5a, the size of the semi-spot (half the beam) at a distance
of 5 m as a function of f1 and f2 when d1 = 306.7 mm (300 mm distance
between horn aperture and first thin lens + 6.7 mm distance from beam
waist to horn aperture) and d2 = 500 mm is depicted. Semi-spots larger
than 15 mm have been fixed to 15 mm in order to have a friendlier picture.
From Figure 5.5a it can be seen that for the shown values for f1 and
f2, only a very small margin of values (associated to the central strip)
satisfy the resolution goal. A pair of f1 and f2 having 5 mm semi-spot is
highlighted. A similar plot can be obtained for different distances d1 and
d2, as well as for different target distances (d3). The overall simulation
time on an Intel R©CoreTMi5 CPU at 2.67 GHz has been 2 minutes.
The idea after the QO design is to convert QO parameters into phys-
ical ones. Each thin lens is converted into an elliptical mirror and it has
been observed that the mirror that imposes the dimension of the overall
system is the second one (second thin lens, f2) since it is the biggest. For
that reason, a study on the second mirror diameter depending on the
other parameters has been undertaken. QO Gaussian beam propagation
theory states that a diameter of four times the beam radius (4w) trun-
cates the beam at a level 34.7 dB below that on the axis of propagation
and includes 99.97 % of the power in the fundamental mode Gaussian
beam. This is generally sufficient to make the effects of diffraction by
the truncation quite small. So the minimum diameter of that mirror has
been obtained by taking into account that it must be at least four times
the beam radius [1].
It has been observed that the smallest diameter of the second mirror
that can be obtained does not depend on the distances d1 and d2 nor on
f1 and f2, and it is imposed by the target distance d3 and by the spot
size. Figure 5.5b shows the minimum diameter of the second mirror as
a function of the desired spot size for two different target distances (5 m
and 10 m).
d1 [mm] d2 [mm] d3 [mm] f1 [mm] f2 [mm]
306.7 500 5000 83.86 357.15
Table 5.1: QO Parameters
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Figure 5.5: (a) Size of the semi-spot as a function of the focus of the
two thin lenses with d1 = 306.7 mm and d2 = 500 mm. (b) Second
elliptical mirror diameter as a function of the desired spot size and target
distance [9].
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Once the minimum diameter has been obtained, the pair f1 and f2
which obtains that value for the pair d1 = 306.7 mm and d2 = 500 mm is
selected and the focusing system based on thin lenses is designed. The
main parameters of the system are presented in Table 5.1. With those
parameters, wout = 8.31 mm, Rout = 3973 mm, wout0 = 8.3 mm and zout
= 11.81 mm are obtained, with a diameter spot size of 10 mm at 5 m
target distance. It can be noted that the beam waist is not exactly at
5000 mm (target distance) but very close (d3 + zout = 5011.81 mm).
5.2.3 System Validation
The previously designed focusing system using QO theory has been
validated by using the commercial electromagnetic simulation software,
GRASP [2], in order to validate the design process. The methods used
by GRASP are the highly efficient PO algorithms and the General The-
ory of Diffraction (GTD). The first step consists on translating the QO
parameters obtained in the previous section when we use thin lenses into
physical parameters to build the elliptical mirrors. This relationship is
given by:
f =
R1R2
R1 +R2
(5.22)
where R1 is the distance from the elliptical mirror to its input focus
and R2 is the distance from the elliptical mirror to its output focus.
Following the labels in Figure 5.6a, R1 will be equal to the distance
from the waist of the horn antenna to the first elliptical mirror; R2 will
be the distance from the first elliptical mirror to the common focus;
R3 will be the distance from that common focus to the second elliptical
mirror; and R4 will be the distance from the second mirror to the output
focus. For the particular case represented in Table 5.1:
R1 = d1 = 306.7mm
f1 = 83.86mm
}
→ R2 = R1f1
R1 − f1 = 115.42mm (5.23)
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Figure 5.6: (a) Designed focusing system to detect targets at 5 m with
a resolution of 10 mm. Origin of coordinates is at the feed of the horn
antenna. (b) 2D normalized E-field module at 5 m and (c) Co-polar and
cross-polar component of the focusing system in three planes when no
scanning is performed. Represented normalized E-field is calculated at
detection distance (5 m) [9].
R3 = d2 −R2 = 384.58mm
f2 = 357.15mm
}
→ R4 = R3f2
R3 − f2 = 5007.1mm (5.24)
The obtained parameters for the system are summarized in Table
5.2. The angles have been chosen to reduce the overall size of it.
R1 [mm] R2 [mm] R3 [mm] R4 [mm] 2α1[
◦] 2α2[◦]
306.7 115.4 384.6 5007.1 60 60
Table 5.2: Physical parameters of elliptical mirrors
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The system with its physical dimensions can be seen in Figure 5.6a.
A plane mirror with a slightly larger diameter than the second elliptical
mirror has been included in order to have a focusing system with scan-
ning capabilities. This plane mirror is the only part of the system that
is rotated to provide scanning capabilities. Diameters of the mirrors are
17 cm and 55 cm for elliptical ones and 68 cm for the plane one. The
f/D ratios of the elliptical mirrors are 0.52 and 0.65 respectively. These
values are in the range of f/D ≥ 0.5 for αi ≤ 30◦ which guarantee that
the beam is almost not distorted [1, 6, 8].
The obtained spot with the focusing system at 5 m is plotted in Figure
5.6b and the radiation pattern at that distance in three different planes
can be seen in Figure 5.6c. It can be noted that the 3 dB beamwidth is
10 mm, the side lobes are 30 dB lower than the main lobe in both φ = 0◦
(XZ plane) and φ = 90◦ (YZ plane) planes (with φ the angle defined over
XY plane starting from x-axis) and the cross polar component is more
than 30 dB lower in the φ = 45◦ plane. With this system 70.1 dB gain is
obtained at 5 m and the overall simulation time on the same computer
as in Section 5.2.2 was 1 hour and 51 minutes. From this simulation
time it is clear that the optimization of the system takes a lot of time.
The scanning capabilities of the system have also been explored. As
previously mentioned, a plane mirror at the output of the second ellipti-
cal mirror has been included to add scanning capabilities to the focusing
system. Figure 5.7a shows the φ = 90◦ cut at 5 m when the system is
scanning in the φ = 0◦ plane. The same performance is obtained when
the scanning is performed on the φ = 90◦ plane. The scale of the figure
has been changed in order to appreciate the distortion of the beam in
a better way. The radiation pattern is almost not distorted even when
the displacement is relatively high (500 mm). A scanning displacement
of 500 mm is equal to a rotation in the azimuth and elevation plane of
the plane mirror of 2.85◦ respectively. The scanning can be realized by
rotating the mirror about two perpendicular axes. It can be placed on
an axis spinning with a typical rotation mirror of 600 Revolutions Per
Minute (RPM) which causes a circular path at the target distance. A
slower rotary stage turns the spinning axis in a direction perpendicular
to it with a speed of about 1◦/s. This leads to linear movement of the
circular path. With such set-up, the scanning of a 500 mm × 500 mm
target placed at 5 m can be done in less than 10 s.
221
CHAPTER 5. SUB-THZ IMAGING
(a)
−30 −20 −10 0 10 20 30
−18
−16
−14
−12
−10
−8
−6
−4
−2
0
x [mm]
 
 
d=0cm
d=25cm
d=50cm
d=100cm
d=−25cm
d=−50cm
d=−100cm
(b)
Figure 5.7: (a) Scanning capability in the φ = 0◦ plane of the focusing
system. (b) Normalized E-field vs the position for several displacement of
the target distance. Represented normalized E-field is calculated at
detection distance (5 m) [9].
In addition, the distortion of the beam when the target is closer to
or away from has also been analysed. The results can be seen in Figure
5.7b. Positive displacements mean that the target is further away from
the source while negative ones mean that the target is closer to the
source. As we move away from the target distance the beam is distorted
due to the fact that the beam is not in the output focus of the second
elliptical mirror. Diffraction effects appear and, in some cases, even the
beam losses its gaussicity. It can be noticed that the system is robust for
displacements of a target distance up to half a meter closer to or away
from.
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Figure 5.8: Simulation of manufacture process imperfections.
Continuous lines (φ = 0◦ in blue and φ = 90◦ in red cuts) represent the
radiation pattern when perfect mirrors are used while dashed lines (φ =
0◦ in blue and φ = 90◦ in red cuts) represent the radiation pattern when
a random distortion is inserted in the mirrors’ surface. Represented
normalized E-field is calculated at detection distance (5 m) [9].
A very important issue that has to be taken into account when man-
ufacturing the proposed system is the possible flaws associated to it.
The most critical problems that may appear are changes in the rough-
ness of the mirrors, as well as non-idealities on their borders. Since the
mirrors have been designed in such a way that the beam is truncated
at a power level of 34.7 dB below that on the axis of propagation, the
effects of these last non-idealities can be neglected. As a consequence,
the most important issue to be taken into account is the roughness of
the surface of the mirrors. To do so, a parametric study has been car-
ried out to check the system robustness against potential flaws in the
manufacturing process. The surface roughness has been modelled as a
zero mean uniform distribution with a variance of 20µm that is 2 % of
the wavelength. This is a typical value for manufacturing tolerances of
such mirrors. The obtained results (Figure 5.8) are pretty similar to the
ideal ones, and the only difference is that the secondary lobes level is
higher than that of ideal mirrors. In any case, that level is 35 dB lower
than the main lobe for places 50 mm far away from it. Then, the system
is expected to be robust in terms of manufacturing flaws.
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Once the spot, the scanning capabilities and the target distance dis-
placements of the system have been analysed, as well as manufacturing
flaws, a simple software simulation of the behaviour of the focusing sys-
tem on a real environment has been undertaken. A target placed at 5 m
(Figure 5.9a) has been scanned with the proposed system. The size of
two of the spots is plotted in the same scale as the scanning target in
order to compare the size of them with the overall target (Figure 5.9b).
Four different hidden objects (a gun, a circle, a key and a cross) have
been drawn inside the body of the target (Figure 5.9c) and the results
obtained after scanning the target with the designed focusing system are
plotted (Figure 5.9d). The simulation consists on taking a picture of the
target and turns it into a grey scale. After that, the metallic parts have
been painted in white while the non-metallic parts have been painted in
black. Then, the normalized spot at 5 m plotted in Figure 5.6b is multi-
plied by that figure with displacements of 5 mm from left to right and up
and down until the whole figure is scanned. It has to be mentioned that
the simulation does not take into account any of scattering properties,
the return path loss and clothing effects, but it gives a general idea of
how this focusing system will behave on an ideal environment.
Figure 5.9: Software simulation of the behaviour of the first focusing
system. (a) Photograph of the target we want to scan. (b) 2D
normalized E-field module at 5 m together with the target to compare
target and spot sizes. (c) Body of the target has been painted completely
in black, while hidden items (key, gun, circle and cross) were painted in
white. (d) Result of the simulation of scanning the picture in Figure 5.9c
with the designed focusing system [9].
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5.3 Conclusions
A focusing system with a target distance of 5 m and a spot of 10 mm
diameter spot size working at 300 GHz has been presented. The focusing
system always work in the output focus of the second elliptical mirror,
which means that the beam is almost not distorted when scanning. In
addition, only the plane mirror rotates to provide scanning capabilities
thus reducing the complexity of previous solutions. This focusing system
needs to be included with all the necessary electrical components to
generate the 300 GHz signal and with the signal processing capabilities
to detect weapons or other objects hidden in the scanning targets to
construct a THz radar.
The focusing system is based on a Gaussian telescope scheme and an
analysis tool has been implemented in Matlab based on QO Gaussian
beam propagation theory. With this tool, the basic parameters of them
can be easily calculated to have the desired spot size and target distance.
Once the system based on thin lenses was designed, it has been trans-
ferred into elliptical mirrors with real dimensions and validated using a
full-wave electromagnetic simulator. The obtained results agree with
those previously reported by QO theory. With the proposed designing
method, a robust focusing system with the desired resolution and target
distance can be easily designed. The main advantages are that it reduces
the computational resources needed and, as a consequence, the overall
time for designing such kind of systems.
Moreover, scanning capabilities of the focusing system have also been
analysed, showing great results because the beam is almost not distorted
for large displacements of it along horizontal or vertical axis. Besides,
the target can be half a meter closer to or away from the designed target
distance (5 m) and the beam is almost not distorted. The flaws that may
appear in the manufacturing process have been studied and the rough-
ness of the surface of the mirrors has been simulated, concluding that the
system is also robust against small changes in the surface of the mirrors.
The absence of distortion on the beam, as well as its simplicity, makes
the proposed focusing system suitable for target detection applications
at THz and sub-THz frequencies.
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CHAPTER 6
FINAL CONCLUSIONS AND FUTURE
LINES
6.1 Final Conclusions
THz and sub-THz technology is a field of big expansion nowadays due
to the improvements made in both emitters and detectors and the big
amount of applications where this technology can be used. This Ph.D.
dissertation presents the results of more than 4 years of research in the
THz and sub-THz field trying to improve devices performance from the
antenna point-of-view. It has been demonstrated that making use of
a joint design of the antenna and the active device the performance of
the overall system is improved. During the Ph.D. dissertation both THz
emitters and sub-THz detectors have been improved by an optimized
design of the antenna, whereas in the final chapter a full system has also
been optimized to provide outstanding scanning capabilities.
After an introduction where the importance of the THz waves was
highlighted and the current main applications of THz waves were com-
mented, the most important parameters of antennas were described and
the most commonly used THz antenna topologies were presented. This
chapter serves as an starting point to understand the work that has been
done during this Ph.D. dissertation.
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In the second chapter, the radiation pattern of planar antennas ly-
ing on dielectric substrate was analysed. First of all, an introduction
explaining how the substrate affects the radiation pattern at THz and
sub-THz frequencies and the importance of correctly analysing it was
presented. Then, a MoM based software to analyse antennas lying on
both semi-infinite and multilayered substrates was developed and radia-
tion patterns were analysed. Once the radiation patterns were presented,
the two main contributions of the chapter were discussed. The first one
consists on explaining the anomalies that appear in the radiation pattern
of both vertical and horizontal dipoles when laying on the interface be-
tween vacuum and a semi-infinite substrate while the second one consists
on designing a software capable of analysing the radiation patterns of any
antenna having an extended hemispherical dielectric lens as substrate.
The developed tools for obtaining the radiation pattern of antennas both
over multilayered substrate or dielectric lens were used in Chapters 3 and
4 in order to calculate the radiation pattern of the so called LAEs and the
radiation pattern of the developed detectors (Schottky and MOSFET).
Regarding THz emitters, Chapter 3 was focused on CW Photomixer
based THz emitters. Two approaches have been followed to improve the
radiated THz power. The first one consists on an AE where the antenna
has been designed in such a way that the emitted power is maximized
and the overall emitter has been simplified because the typical RF choke
has been eliminated. The second approach is an antenna-free scheme
of photomixing where the THz radiation is directly originated from the
acceleration of photo-induced charge carriers generated within a large
semiconductor area. This is called LAE and the work developed in this
Ph.D. dissertation consists on designing an electromagnetic equivalent
circuit based on infinitesimal dipoles to estimate the radiation pattern
of it. This LAE approach theoretically eliminates the optical power
constraints that antenna emitters have and the THz emitted power can
be increased, theoretically, up to infinite. Some future lines related with
this topic will be proposed below.
Chapter 4 was devoted to sub-THz detectors and the work devel-
oped consists on designing two direct detectors: a QO SBD detector
working within the E-Band (60 GHz - 90 GHz) and a plasma-wave FET
CMOS detector working at 300 GHz. A complete QO SBD receiver de-
sign and characterization was carried out in this chapter. The receiver
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was meant to take part of a very-high speed data wireless transmission
system (> 1 Gb/s). Regarding the FET direct detector, the very first
steps for a 300 GHz receiver were presented. Its main application is
an array for imaging applications (security). Both designs were formed
from a planar antenna and a detector (either SBD or FET), with the
possibility of including an optical device (lens). Their performance was
improved by designing the antenna of each receiver in such a way that
the total efficiency was maximized.
Regarding THz systems, a focusing system was designed for a 300 GHz
radar for security purposes. While previous chapters were focused on
planar antennas, in this case a horn antenna and elliptical mirrors were
used, thus leading to a more complex structure. On the other hand it can
handle more power and provide better focusing capabilities. The main
contribution of the chapter was designing the focusing system in such a
way that it can provide scanning capabilities but, at the same time, the
beam is not distorted because it always works “in-focus”. The focusing
system consists of a horn antenna as feeding element, two elliptical mir-
rors and a plane one to provide beam-steering by rotation. Since the
only mirror that is rotated to provide scanning capabilities is the plane
one, the target distance is always at the output focus of the second el-
liptical mirror, so the beam is not distorted even for big displacements.
In addition to the proposed system, the design methodology followed
through the chapter is also relevant because it reduces computational
time and effort, and obtained results are accurate enough. Some future
research lines will be outlined below.
Finally, it is remarked that the work presented in this Ph.D. disser-
tation has led to 6 journal papers and a book chapter, as well as it has
been presented in 14 conferences. The list of contributions is detailed in
the Publications section at the end of this book.
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6.2 Future Lines
In this section, the proposed future lines for the work developed dur-
ing this Ph.D. dissertation are described. Three main sections are dif-
ferentiated: THz emitters, sub-THz detectors and the focusing system.
6.2.1 THz Emitters
Regarding the THz emitters presented in this Ph.D. dissertation two
main future lines can be followed. The 1.05 THz meander dipole antenna
emitter is intended to be the local oscillator source of one of the hetero-
dyne detectors in the SOFIA [1], so integration in the receiver and test
the overall behaviour will be the next development step.
Figure 6.1: NASA’s SOFIA.
The other THz emitter presented in this Ph.D. dissertation, the LAE,
are in the manufacture and measure stage. First prototypes have been
manufactured and they are expected to be measured during the next
months. It has to be mentioned that that the full measurement and
characterization of them is a tricky task and is out of the scope of the
present work. Precisely preparing the measurements set-up will take
some time and measuring the radiation patterns, as well as the THz
output power for different optical spot size illuminations requires a big
effort. With such measurements it is expected to validate the radiation
equivalent circuit presented in the Chapter 3 of this book.
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(a) (b)
Figure6.2:(a)ManufacturedLAEdevicesand(b)Detailofoneofthe
mesas.
6.2.2 Sub-THzDetectors
Inthesub-THzdetectorschapter,twomaintechnologiesweredis-
cussed.ThefirstoneisaQOSBDdetectorworkingwithintheE-Band.
ThisdetectorisnowadaysaproductdevelopedbyACSTGmbH[2]and
canbeacquiredinthatcompany.Thisworkwasalsotranslatedtohigher
frequenciesanddifferentdetectorscanbebought.Onefutureworkthat
canbedoneistoincludeavideoamplifierattheoutputofthe50Ω
transitioninordertoincreasethedetectorresponsivity.
Figure6.3:ACST’sQOdetectormodules[2].
RegardingtheCMOStechnologydetectorsdevelopedintheChapter
4ahighereffortshalbedonetoincreasetheresponsivityvaluesand
reachthestate-of-the-artresults.Ithastobementionedthatmeasure-
mentsweretakenwithoutavideoamplifier,soresponsivityvaluesare
expectedtobeworse,buttheyarenotasgoodasexpected.Threemain
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research lines can be followed to improve those devices. First one may
consist on including a video amplifier so the output signal will be am-
plified thus the responsivity. The second one is a more tricky one and
will consist on measuring or estimating the input impedance of the tran-
sistors at these frequencies (300 GHz) and design the antenna in such a
way that maximum power is transferred from the antenna to the active
device. With such information the optimal antenna can be designed and
the responsivity will be increased. Finally, an array topology can be
considered either to increase the responsivity either to have an imaging
array.
6.2.3 Focusing System
The main drawback of the proposed focusing system is that only sim-
ulation results are provided, although the software used to validate the
design process, GRASP [3], has proved its accuracy over decades. This
is due to the fact that the expenses of manufacturing the overall system
are very high and our research group can not afford such quantity. So the
straightforward future line for the proposed system is to manufacture,
measure and validate the obtained results.
Once the focusing system is tested and characterized, it needs to
be included with all the necessary electrical components to generate
the 300 GHz signal and with the signal processing capabilities to detect
weapons or other objects hidden in the scanning targets to construct a
terahertz radar.
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